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[bookmark: _Toc509909843]		Abstract
[bookmark: _Toc466984438][bookmark: _Toc490820827]Peptidoglycan is the major structural component of the bacterial cell wall, and is essential for cell growth & division. Analysis of peptidoglycan has shown the chemical structure to be broadly conserved between bacterial species, conversely the architecture and dynamics are complex and diverse. The mode of peptidoglycan insertion at the molecular level has yet to be determined, nonetheless it is this mechanism we are constantly striving to interrupt in the form of antibiotics. Site-specific probes can be used to selectively label nascent peptidoglycan and define how peptidoglycan is biosynthesised. 
Here novel probes were developed to characterise peptidoglycan architecture and dynamics in the human pathogen Staphylococcus aureus (S. aureus).  Peptidoglycan is comprised of a polysaccharide repeating backbone with a basic pentapeptide side chain consisting of L- and D-amino acids. Bacteria will often tolerate incorporation of modified D-amino acids during growth due to the scarcity of non-proteinogenic D-amino acids in nature. To capitalise on this, fluorescent D-amino acids (FDAAs) were synthesised by chemical modification of D-amino acid starting materials. FDAAs are often synthesised by the formation of an amide bond between an amino acid and a fluorescent moiety, probes lacking this have shown an identical labelling pattern. The synthesis and effect of linker length between the biological receptor (D-amino acid) and the fluorescent reporter were also explored. A series of click carbohydrates were also investigated as suitable cell wall labels however incorporation into peptidoglycan was unsuccessful.
Use of these FDAAs with super-resolution microscopy techniques has provided image resolution of approximately 25 nm, revealing several novel features of peptidoglycan insertion and architecture in S. aureus. Key new concepts include the complete synthesis of the bacterial cell wall at the septum as two separate entities before scission. Peptidoglycan insertion also occurs throughout the whole cycle and is not confined to division. Finally, we have discerned that the insertion of nascent peptidoglycan occurs in a gradient of synthesis across the septum rather than a defined ring. These findings have been seen within the context of growth and division to establish a new model of the cell cycle for S. aureus.
[bookmark: _Toc466984436][bookmark: _Toc490820825][bookmark: _Toc492739641][bookmark: _Toc509909844]
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°C			Degree Celsius
µg			Microgram
µL			Microliter
µM			Micromolar
µm			Micrometre/microns
2D			Two dimensional
3D			Three dimensional
Å			Angstrom
6-Azido-AcGlcNAc	1, 3, 4-triacetate-2-(​acetylamino)-​6-​azido-​2,​6-​dideoxy-β-​D-Glucopyranose
6-Azido-GlcNAc	2-​(acetylamino)​-​6-​azido-​2,​6-​dideoxy-β-​D-​Glucopyranose
AcGlcNAz		N-azidoacetylglucosamine tetraacylated/ 
1, 3, 4, 6-tetraacetate-2-[(azidoacetyl)amino]-2-deoxy-β-D-Glucopyranose
AFM			Atomic Force Microscopy
BFP			Blue Fluorescent Protein
BHI			Brain Heart Infusion
nBuLi			nbutyl lithium
CDM			Chemically defined media
CFP			Cyan Fluorescent Protein
D-ala			D-alanine
D-aza-ala		Azido-D-alanine
D-aza-ala-D-ala	Azido-D-alanine-D-alanine
DCM			Dichloromethane
Ddl 			D-alanine-D-alanine ligase
DMSO			Dimethysulfoxide
ECM			Electron Cryo-microscopy
ECT			Electron Cryo Tomography
FDAA			Fluorescent D-amino acid
GalNAz			N-azidoacetylgalactosamine 
GFP			Green Fluorescent Protein
GlcNac			N-acetylglucosamine
GlcNAz	N-azidoacetylglucosamine/2-[(azidoacetyl)amino]-2-deoxy-β-D-Glucopyranose
HADA 			7-hydroxycoumarin-3-carboxylic acid with 3- 2 amino-D-alanine
LTAs			Lipoteichoic acids
NsADA 	4-chloro-7-nitro-2,1,3-benzothiadiazole with 3- 2 amino-D-alanine
OD 			Optical density 
M 			Molar 
ManNAz		N-Azidoacetyl-D-Mannosamine
MEA			Mercaptoethylamine
MeOH 			Methanol 
mg 			Milligram 
MIC			Minimum inhibitory concentration
min			Minute
mL 			Millilitre 
mM			Millimolar
mmol 			Millimole 
MRSA 			Methicillin-resistant Staphylococcus aureus
MS			Mass spectrometry
MsOH			Methylsulfonic Acid
MurNAc		N-acetylmuramimic acid
ND			Not determined
nm			Nanometres
nM			Nanomolar
NMR			Nuclear magnetic resonance
ODx			Optical density at wavelength x (nm)
PALM			Photoactiavtion Localization Microscopy
PEG			Poly(ethylene glycol)
PBS 			Phosphate buffered saline
PBP			Penicillin binding protein
rpm			Revolutions per min
RT			Room temperature
S0			Ground state
S1/S2			Excited singlet state
SDS			Sodium dodecyl sulphate
SIM			Structured Illumination Microscopy
SM			Starting material
STED			Stimulated Emission Depletion Microscopy
STORM		Stochastic Optical Reconstruction Microscopy
T			Triplet state
TFA			Trifluoroacetic acid
THF			Tetrahydrofuran
w/v			Weight for volume
WGA-488		Wheat Germ Agglutinin, Alexa Fluor™ 488
WTA			Wall teichoic acid
YFP			Yellow Fluorescent Protein
λ			Wavelength
λEm			Emission wavelength
λEx			Extinction wavelength
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[bookmark: _Toc509909846]Chapter 1: Introduction
Staphylococcus aureus is part of the firmicutes phylum of bacteria, the name comes from its golden colouring and spherical shape with the bacteria often growing in ‘grape-like’ clusters.1 S. aureus causes a range of diseases from minor skin infections to fatal infections in the developing and developed world.2 Many current antibiotics target the cell envelope, as it is essential for growth, however a large number of S. aureus strains are now resistant or show reduced susceptibility to many widely used antibiotics such as methicillin, penicillin and vancomycin.3 Surprisingly, although the targets for cell wall antibiotics are well established we still do not understand how they actually kill bacteria.  Understanding the biochemistry and structural dynamics of the cell wall during growth and division could improve existing treatments and provide new drug-targets in the fight against infectious diseases. 
[bookmark: _Toc466984440][bookmark: _Toc509909847]1.1	The Bacterial Cell Wall
The bacterial cell envelope consists of many different layers, the general structures of the Gram-negative and Gram-positive cell envelope are shown in Figure 1. In the Gram-negative envelope the key structural features are the cytoplasmic membrane, the periplasm containing a thin layer of peptidoglycan and the outer membrane made up of a phospholipid bilayer and polysaccharide side chains. The key features to differentiate the Gram-positive envelope from the Gram-negative are the lack of an outer membrane, the presence of lipoteichoic acids (LTAs) in the periplasm and a thick peptidoglycan layer. Peptidoglycan is unique to the bacterial kingdom and is present in both Gram-positive and Gram-negative bacteria. Peptidoglycan is the major structural polymer in the cell wall, is essential for viability, responsible for shape determination and its biosynthesis is the target for the cell wall antibiotics.  The peptidoglycan layer accounts for 5-10 and 30-70% of the total cell wall mass in Gram-negative and Gram-positive bacteria, respectively.4,5 In Gram-positives the thick layer of peptidoglycan acts as a scaffold for a variety of molecules such as teichoic acids and proteins.6

[image: ]
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[bookmark: _Ref455582041]Figure 1. A) The Gram-negative envelope. B) The Gram-positive envelope. Adapted from Madigan et al., 2002; Matias et al., 2008.6,7
[bookmark: _Toc466984441][bookmark: _Toc509909848]1.1.1	The biochemistry of peptidoglycan 
Peptidoglycan has a poly-disaccharide backbone comprising of alternating units of N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc). Short peptide chains of D- and L-isoform amino acids are covalently bound to MurNAc. These peptide chains can form cross-links to other side chains via short peptide stems 4. 
[bookmark: _Toc466984442][bookmark: _Toc509909849]1.1.2 	Glycan Strands
The repetition of alternating GlcNAc and MurNAc residues, linked by a β-1,4 glycosidic bond in the polysaccharide backbone, is moderately conserved between different bacteria, however the polysaccharide chain length and modifications to the glycan chain vary between different species of bacteria. In Gram-negative bacteria the glycan strands often have a 1,6-anhydro ring attached to the terminal MurNAc residue via an intramolecular ring from C1 to C6. However in Gram-positive bacteria often the glycan strand ends in MurNAc or GlcNAc reducing termini.8 

[bookmark: _Ref455583642]Figure 2. Chemical structure of peptidoglycan, a polysaccharide backbone of repeating MurNAc and GluNAc and a pentapeptide side chain which can vary between different bacteria. 
S. aureus has short peptidoglycan chain lengths (around 6 disaccharides long), this is relatively short compared to the long chains in Bacillus subtilis (average chain length between 50 and 250 disaccharide units), however peptidoglycan retains the same chemical structure of each monomer unit (Figure 2).9,10 The glycan chains can be modified or linked to other cell wall polymers, common modifications occurring within the glycan strand include N-deacetylation, N-glycosylation, O-acetylation and dehydration.8 The pentapeptide side chain consists of a mixture of D- and L-amino acids with one dibasic amino acid, this is to form essential cross-bridges between peptide stems.11 The majority of Gram-negative bacteria and several Gram-positive bacteria, B. subtilis for example, incorporate a meso-diaminopimelic acid (m-A2pm) at the 3rd position with the majority of Gram-positive bacteria incorporating L-lysine. However nearly all bacteria incorporate a terminal D-ala-D-alanine dipeptide in the 4th and 5th position, these are essential for enzyme recognition during transpeptidation.11
[bookmark: _Toc466984444][bookmark: _Toc509909850]1.1.3 	Peptidoglycan Biosynthesis
The biosynthesis pathway shows peptidoglycan assembly in a Gram-positive organism, peptidoglycan biosynthesis initiates in the cytoplasm with the synthesis of lipid-linked peptidoglycan monomers (Figure 3). 
[bookmark: _Ref455581890][image: ]
Figure 3. The peptidoglycan biosynthesis pathway in S. aureus. Adapted from Typas et al., 2012.12 The scheme displays the 3 key stages in peptidoglycan biosynthesis which follows the Mur- enzyme pathway. 
The Mur pathway starts with UDP-MurNAc synthesis from abundant UDP-GlcNAc via MurA and MurB. Enzymes MurC to MurE install the tripeptide stem in a stepwise manner upon UDP-MurNAc, this is an ATP-dependent process.13 The terminal dipeptide unit is incorporated into monosaccharide tripeptide by MurF ligase in the cytoplasm to form UDP-MurNAc-pentapeptide.8 D-Amino acids are rarely present in bacteria and often synthesised via racemisation enzymes, D-alanine is synthesised from L-alanine via a D/L-alanine racemase (Alr). The D-alanine subsequently forms a dipeptide (D-ala-D-alanine) synthesised by Ddl enzyme before incorporation onto the peptide stem.14,15 
The UDP-MurNAc-pentapeptide is linked to a membrane acceptor, undecaprenyl phosphate, MraY catalyses formation of undecaprenyl-pyrophosphoryl-MurNAc-pentapeptide or Lipid I.14 The final stage of synthesis to occur in the cytoplasm is the formation of Lipid II from Lipid I, UDP-GlcNAc addition to Lipid I is catalysed by MurG transferase to form the disaccharide backbone unit of peptidoglycan monomer unit Lipid II.14 In S. aureus a penta-glycine bridge is formed on Lipid II in the cytoplasm in a step-wise manner. Fem peptidyltranferase enzymes attach the pentaglycine bridge onto Lipid II, FemX attaches the first glycine residue onto L-lysine, FemA attaches the second and third followed by FemB with the final two glycines.16,17 
In S. aureus, Lipid II is estimated to be <1 mole percent of the phospholipids that make up the cytoplasmic membrane.18 Due to the high levels of Lipid II required to build a thickened peptidoglycan layer, translocation from the cytoplasm into the periplasm must be fast and efficient.18 Lipid II is subsequently translocated by a flippase enzyme, an essential protein to transport hydrophilic Lipid II across the hydrophobic membrane. In previous studies FtsW has been identified as a transglycosylation protein in S .aureus, however this has subsequently been disputed.18,19 
Once Lipid II is on the exterior side of the cytoplasmic membrane glycosyltransferases and transpeptidases act on it to form the glycan polymer.12,13 Penicillin Binding Proteins (PBPs) catalyse the transglycosylation of Lipid II onto the end of a linear glycan chains with repeating disaccharide units with loss of the undecaprenyl-pyrophosphate donor leaving group.15
Transpeptidation of amino acids on adjacent glycan strands causes crosslinking of different polymer stands and provides peptidoglycan with its strength and rigidity dependent on the level of crosslinking. PBPs catalyse transpeptidation by initially non-covalently binding to the donor peptide strand, followed by serine attack and removal of the terminal D-alanine amino acid from the pentapeptide.15 This allows the donor tetrapeptide L-lysine residue in the 3-position to cross-link with an acceptor peptide, which is either the ε-amino group of the 3-position dibasic amino acid, or the N-terminus of a peptide interbridge.12 In S. aureus this peptide stems are linked with a pentaglycine bridge, in other bacteria transpeptidation can occur directly between two amino acids on the peptide stem. Inhibition of transpeptidation is a major target for antibiotics containing a β-lactam ring. 
[bookmark: _Toc466984443][bookmark: _Toc509909851]1.1.4	Role of D-amino Acids
D-Amino acids are prominently found in the peptide side chains found within peptidoglycan and teichoic acids layers in bacteria. The most abundant of these non-proteinogenic amino acids is D-alanine, it is present in peptide side chains at the 4th and 5th positions in many different species of bacteria. A periplasmic exchange reaction where amino acids in mature peptidoglycan can be swapped for new amino acids, or incorporation of amino acids into peptidoglycan precursors, such as into Lipid I, in the cytosol are two different methods by which D-amino acids can be incorporated into the cell wall (Figure 3). 20 
[bookmark: _Toc466984445][bookmark: _Toc509909852]1.1.5	Cell Growth and Division
Cell growth and division has been largely investigated in rod-shaped bacteria such as B. subtilis and Escherichia coli where there is a single plane of symmetry (Figure 4A). The division septa and the insertion of new peptidoglycan (Figure 4B) is thought to occur at the midcell, perpendicular to the plane of symmetry (Figure 4C). 
[image: ]
[bookmark: _Ref480811042]Figure 4. Division planes in rod-shaped E. coli  A) Cell growth occurs perpendicular to the plane of symmetry B) Cell elongation with new cell wall synthesised C) Two new cell walls formed at the septa D) Two new separate rod shaped bacteria formed.
In coccoid bacteria there are seemingly infinite planes on which cell division can occur as there is no singular point of symmetry in a sphere.
[bookmark: _Toc509909853]1.1.5.1		Cell Division Machinery in S. aureus
The main components of the cell division machinery, the divisome, are widely conserved across bacteria.12 The divisome is a cluster of different proteins where FtsZ is a major component, it is thought a FtsZ ring (Z-ring) occurs at the division site of the mid-cell and thus the site of septation. Upon FtsZ deletion in S. aureus, peptidoglycan synthesis is delocalised leading to increased cell size and cell lysis.21 It is due to this localisation alongside co-localisation with an essential protein, Pbp2, that nascent cell wall synthesis is thought to occur mainly at the septum (Figure 5).21
[bookmark: _Ref490745176][image: ]Figure 5. Cell division machinery (divisome) in S. aureus. Adapted from Bottomley.22
EzrA is present in all Gram-positive bacterial divisomes and is crucial for cell growth and proliferation. Unlike FtsZ depletion, upon EzrA depletion cells cease to increase in size suggesting EzrA is essential for peptidoglycan synthesis.23 FtsW and RodA have previously been acknowledged as flippase proteins however recent work has shown RodA to be part of the SEDs (shape, elongation, divisions and sporulation) family of proteins.24 RodA have shown a similar activity as transglycosylation proteins in both E. coli and B. subtilis.24,25 
[bookmark: _Toc509909854]1.1.5.2		Penicillin binding protein (PBPs)
The penicillin binding protein family is responsible for polymerizing and cross-linking glycan strands and their structure is conserved between various bacteria.26 There are four PBPs in S. aureus; Pbp2 is an essential, bi-functional, class A PBP this, alongside Pbp1 and Pbp3, are high molecular weight PBPs. Only Pbp2 has both transpeptidase activity and transglycosylase activity, allowing polymerisation of the glycan backbone.27 Pbp4 is the only low molecular weight PBP with transpeptidase activity causing cross-linking between the pentapeptide side chains.11 Pbp1 and Pbp3 are monofunctional class B PBPs and exhibit transpeptidase activity at their C-terminal domain.11,28 Only Pbp1 and Pbp2 are essential for S. aureus growth and survival and have been localised to the septum during cell growth and division.27,28
[bookmark: _Toc466984446][bookmark: _Toc509909855]1.1.5.3		Daughter cell splitting
S. aureus is a spheroid bacterium which establishes a Z-ring and localises the subsequent cell division machinery, before starting to synthesise the new cell wall at the septal plate. Once the septal plate is fully synthesised the two daughter cells separate, the cells swell and grow into two new cocci via hydrolysis. 
[image: ]
[bookmark: _Ref480814968]Figure 6. Schematic of coccoid bacteria division in a sequential manner. The coccoid bacteria first form a Z-ring, followed by new peptidoglycan synthesis as a septal plate. The mother cell divides into two daughter cells with the flat septa forming two new hemispherical cell walls. The process repeats with the second Z-ring forming perpendicular to the previously plane of division.
The next Z-ring then forms on an orthogonal plane to the previous and this sequence then occurs at the third orthogonal plane (Figure 6).29 At the site of septation a thickened belt of peptidoglycan in S. aureus sacculi is visible by AFM prior to formation of the septal plate which has been termed a “piecrust” due to its banded appearance.30 This feature is visually repeated in the perpendicular direction marking the previous sites of septation and is indeed orthogonal to the new plane.30 This 3D orthogonal division of coccoid bacteria, coupled with an incomplete separation after division, results in a grape-like cluster of bacteria, which gives Staphylococcus its name. 
Recent studies by Zhou et al. and Monteiro et al. have described S. aureus as prolate spheroids rather than true cocci.31,32 This is contrary to previous division models which hypothesised S. aureus cells did not elongate significantly during the cell cycle. Elongation was thought to occur only when the mother cell split into two daughter cells at the same time as the septum re-shaping from a flat septal plate into a new hemisphere of peptidoglycan. The majority of peptidoglycan cell wall synthesis machinery, PBPs and the incorporation of new cell wall building blocks has been localised at the septum giving weight to the previous hypothesis.21,23,28,32 However new imaging techniques and improved data analysis software allows fixed and live cell imaging of a plethora of bacteria, revealing improved new biosynthetic and architectural features.32–35
[image: ]
Figure 7. Representation of S. aureus division A) localisation of division machinery, B) formation of the septal plate, C) period of elongation, D) cell hydrolysis into two daughter cells.
Zhou et al. used  fast live cell imaging to reveal the abrupt speed at which re-shaping of the septum occurs during cell division to be <2 ms and thus the gradual increase in cell volume occurs more extensively during the cell cycle.36 It is noted that during this potential elongation state, S. aureus may require insertion of nascent peptidoglycan into the existing cell wall. 31,32
[bookmark: _Toc466984447][bookmark: _Toc509909856]1.1.6 	Peptidoglycan Architecture
The basic chemical structure of peptidoglycan is conserved between different bacterial species, however the architecture and dynamics of the cell wall are diverse. Vollmer et al. stated that despite multiple studies into chemistry and structural model including chemical modification of peptidoglycan and the role of regulatory proteins, there is no current proof thus far to determine the dynamic architecture of peptidoglycan in Gram-positive bacteria.4,8 However recent work applying techniques such as Electron Cryo Tomography (ECT) and Atomic Force Microscopy (AFM) have allowed large-scale architectural features of peptidoglycan in living cells and sacculi to be explored.9,37–44
Two of the main models up for scrutiny are the “planar” model and the “scaffold” model. The planar model describes the glycan strands and peptide crosslinks running parallel (horizontal) to the cytoplasmic membrane.45–47 The alternative scaffold model is where the glycan strands run perpendicular to the membrane and the peptide crosslinks run parallel to the membrane.48–51 This later was disregarded as a possibility for Escherichia coli due to the average length of glycan strands being too long to fit perpendicular to the membrane.52 The three main parameters that define the basic constraints of the models as well as the interactions between neighbouring glycan strands are the thickness, cross-linkage and length distribution of the glycan strands.
The proposed model by Hayhurst et al. for Bacillus subtilis is a basic helical structure in which small numbers of glycan strands are polymerized and cross-linked to form a peptidoglycan ‘‘rope’’.9 This rope is then coiled into a helix to form the inner surface cable structures, the flattened cable structure being more apparent on the inside of the sacculus than the outside (Figure 8).9 However these features visible by AFM (Figure 8) are not visible using Electron Cryo-microscopy (ECM) or ECT images, perhaps due to the limitations of the imaging technique.26 E. coli are Gram-negative bacteria, they have a much thinner layer of peptidoglycan for which the scaffold model is not applicable.4 Electron Cryo-tomography work by Gan et al. and atomic force microscopy work by Turner et al. implied long glycan chains run parallel to the plane of the sacculus however without a seeming order of direction.40,53 Areas of porosity running circumferentially across the cell and a variation in sacculi thickness was also noted in E. coli, these features with very distinct architecture in comparison to B. subtilis infers the a different mode of peptidoglycan synthesis or insertion.
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[bookmark: _Ref455583613]Figure 8. Peptidoglycan architecture in B. subtilis, S. aureus and E. coli. A. Metrics of peptidoglycan for comparison. Ranges are lowest and highest values identified in the literature.4 42 In S. aureus and E. coli these are average values, in B. subtilis they are a representative of the overall range. B. AFM gallery of sacculi comprising images comprising multiple sacculi per field, and key architectural details specific to each species.9,40,41 C. Interpretive diagrams drawn from yellow rectangles marked in ‘B’. 54
S. aureus are Gram-positive coccal bacteria, laying down a division septum prior to splitting into two separate hemispherical daughter cells.28 A study in S. aureus by Turner et al. reported a complex and dynamic peptidoglycan architecture which varied between visible rings of nascent peptidoglycan and maturated cell wall showing a punctated knobbly pattern, both divided by a thick band of material.41 This thick band of material was observed as a corrugated ‘piecrust’. Equatorial division planes were found in S. aureus sacculi are delineated by the piecrust remnants, potentially from previous division planes of two perpendicular septum during scissions (Figure 8).54 
Wheeler et al. noted a similar thickened rib of peptidoglycan parallel to the short axis of the mid cell in Streptococcus pneumoniae an ovococcal bacterium.42 Broken sacculi of S. pneumonia, when studied by AFM, showed no evidence of the cabled-walled architecture proposed by Hayhurst et al. in B. subtilis.9,42 However a distinct variation between a peripheral cell wall banding pattern and the interior cell wall of the poles showing a centripetal architecture was noted.9,42 There is evidently a large discrepancy between peptidoglycan architectural models and different observed cell wall features across different Gram-positive and Gram-negative bacteria.
[bookmark: _Toc466984448][bookmark: _Toc509909857]1.1.7	Peptidoglycan investigation methods 
The biochemistry of peptidoglycan has been explored using HPLC combined with mass spectrometry to study muropeptide building blocks and measuring glycan chain length. Multiple studies, including work by Boneca et al., used a combination of enzymatic hydrolysis, HPLC and mass spectrometry to measure the structure and the length distribution of glycan strands in bacteria.10,42 Within S. aureus glycan strands were found to average 5-10 disaccharides repeating units, however using size-exclusion chromatography it was noted 3-14% of glycan strands contained 50 or more disaccharide units. 10,42 Studies of ovococcal bacteria have revealed much longer glycan strands compared to S. aureus, with S. pneumoniae, Enterococcus faecalis and Lactococcus lactis all showing between 8-14% of over 100 disaccharides units.9,10,42 This is comparative to B. subtilis, in a parallel study by Hayhurst et al. using both size exclusion chromatography and atomic force microscopy, gave an average of 500 to 5,000 disaccharide units per strand.9,10,42
X-ray diffraction is a high resolution imaging technique often used to study S-layer dynamics, a surface layer present on some Gram-negative and Gram-positive bacteria such as Clostridium difficile. However it is an inappropriate technique to study peptidoglycan dynamics due to the non-crystalline arrangement of peptidoglycan.55 Alternative imaging techniques like electron microscopy (EM) can be used, in EM a beam of electron is passed through a biological sample to create an image. Transmission electron microscopy (TEM) can achieve resolution of 50 pm, which is much higher than that of using light microscopy techniques (≈200 nm).56 However TEM samples have to be extremely thin and often have to be viewed in a vacuum which can lead to distortion of samples, it is a costly and time consuming technique.36,56 Scanning EM as well as electron cryo-tomography (ECT) are two other techniques, but samples often need to be fully dehydrated and also to be exceptionally thin.36 In ECT, biological samples are plunged into liquid ethane, the media forms vitreous ice and allows the sample to be observed in as close to its natural state as possible. Gan and Jensen have previously use ECT to image B. subtilis to investigate the architecture of peptidoglycan, whole cells are too thick for ECT and require cryosectioning which adds a level of complexity to the technique.57
Another high-resolution technique is atomic force microscopy, which uses a fine tip to build a topographical map of a sample with a potential lateral resolution limit of 2-10 nm and a vertical limit up to 0.1 nm, dependent upon which mode of AFM used and the tip size.58 Other properties such as force measurements and surface properties can also be recorded using AFM, novel features such a glycan strand length and cell wall thickness in sacculi have all been recorded using this method.40–42 However with bacteria this technique has predominantly been used on fixed cells and sacculi due to the difficulties of combining biological growth conditions for bacteria with optimum data acquisition conditions for AFM. However AFM can be performed under hydrated conditions and several AFM images of growing and dividing cells have been noted, including measuring surface properties during the treatment of antibiotics.37
Fluorescence light microscopy has been used for a century in order to understand the biological processes in bacteria.59 The ability to label proteins with a fluorescent tag and label a secondary protein or architectural feature in a different colour allows the relationship between them to be studied. Ethidium bromide, fluorescein and fluorescent proteins (GFP, YFP, CFP, BFP) are some of the most common fluorescent tags and have all been used in a wide variety of biological fields (see 1.2.2).60
[bookmark: _Toc466984449][bookmark: _Toc509909858]1.2	Molecular Probes
Molecular probes are compounds that can be added to a biological system and used to indirectly study various properties, which may be hard to study directly (Figure 9). Receptors can vary dependant of the biological question, for instance antibodies, proteins, amino acids, carbohydrates are all potential receptors to map biological processes, reactions or relationships. 
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[bookmark: _Ref455584184]Figure 9. The three main components of a molecular probe; a biological receptor, a chemical linker and a chemical reporter.
A chemical linker is often required to attach the reporter and receptor together and yet prevent any negative interaction between the two (Figure 8). Typical chemical linkers such as long poly ethylene glycol (PEG) chains can improve the biocompatibility of a chemical reporter and prevent and disruptive steric repulsion between a bulky reporter and receptor. 
The structure and design of the reporter can vary greatly and is dependent upon the imaging or microscopy technique required. For example fluorescent dyes can act as a visual tracker with fluorescence microscopy, metal nanoparticles are useful for EM to provide a heavy metal contrast or large quantum dots will provide a large bulky mass which can be detected by AFM, all can be designed to target select biomarkers or molecular processes.
[bookmark: _Toc509909859]1.2.1 	Bioorthogonal molecular probes
A chemical reporter has to match a multitude of difficult criteria, importantly being chemically inert to avoid interfering with the biological and metabolic processes of the cell, yet be chemically reactive at biological pH to ligate to a biological receptor. It needs to be small in size and charge to be biologically compatible, referred to as “bioorthogonal”, however it also needs to provide visualisation of biological processes. The ability to ligate a biological receptor to a reporter has been explored over the last 20 years by multiple groups focusing highly chemoselective reactions. Pioneering research by Caroline Bertozzi utilising azides and alkynes as chemical reporters has developed multiple labelling strategies. Both of these functional groups are small, biologically inert, and capable of reacting with other bioorthogonal functional groups at physiological pH 7.4. 
[bookmark: _Toc509909860]1.2.1.1		Staudinger ligation
An azide reacting with triarylphosphines leads to the formation of an iminophosphorane  or aza-ylide, with the loss of nitrogen, creating a very reactive nucleophile61 with aldehydes and ketones.
[image: ]
[bookmark: _Ref492993687]Figure 10. Example of the Staudinger reaction with an azide linked probe.
However the presence of an ester in the ortho-position to the phosphorus is required for the intramolecular cyclization to occur (Figure 10). In biological aqueous conditions, a subsequent hydrolysis occurs to form triaryl phosphinetriarlyphosphine oxide and an amide bond. This chemistry utilises the entropically favourable loss of gaseous nitrogen and the thermodynamically favourable formation of triaryl phosphine oxide in aqueous conditions. Triarylphosphines and azides are chemically orthogonal to multiple functional groups and the reaction is highly chemoselective making it a desirable tool.62 
[bookmark: _Toc509909861]1.2.1.2		Copper Click chemistry
Alkynes and azides can be chemically ligated via the Cu-catalysed azide-alkyne [2+3] cycloaddition reaction, which selectively gives 1,2,3-triazoles (Figure 11). The copper catalysed cycloaddition is 107-108 times faster than uncatalysed and has a wide tolerance to temperature, pH and the presence of other functional groups.63 
[image: ]
[bookmark: _Ref492993738]Figure 11. Example of the click reaction with a reporter azide and an alkyne dye cyclisation.
The ligation of a fluorescent moiety to a component probe can occur by several methods including a click reaction of an alkyne bound fluorescent moiety with an azide bound component in vivo to form a heterocyclic linkage using a copper catalyst. Conversely, the use of a copper catalyst is not compatible with a living system, copper is cytotoxic to bacteria thereby limiting copper click chemistry to fixed samples.64 40 The receptor and dye can be first synthesised in vitro and then the fluorescent component can be introduced into a live cell, however this relies on the visualising reporter being also bioorthogonal.
[bookmark: _Toc509909862]1.2.1.3		Copper-free click chemistry
To counteract using a cytotoxic catalyst cycloaddition with a ring strained alkyne was explored by Boons in 2008 (DIBO) and optimised further by Bertozzi in 2010 (BARAC) (Figure 12).
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[bookmark: _Ref492993758]Figure 12. Chemical structure of DIBO and BARAC.
The ring strained alkyne undergoes a rapid [3+2] cycloaddition with an azide under biological conditions.65,66 Copper-free click chemistry is a useful tool for the ligation of fluorescent moieties into live biological systems and being able to map biosynthetic processes in real time.
[bookmark: _Toc509909863]1.2.1.4 	Other small molecule bioorthogonal reactions
Other examples of bioorthogonal reactions include copper-free click chemistry between ring strained octynes and nitrones as 1,3-dipoles instead of azide (Figure 13).
[image: ]
[bookmark: _Ref492993789]Figure 13. Nitrone dipole cycloaddition to cyclooctyne forming an N-alkylated isoxazoline
A similar 1,3-dipolar cycloaddition can occur between a nitrone and norbornene as the dipolarophile again forming a N-alkylated isoxazolines. The major drawback of these reactions is the incorporation of nitrones in to biological molecules relies on metabolic uptake which has only been achieved by post-translational peptide modification.67,68 
There are multiple other examples with small molecules such as oxanorbornadiene cycloaddition and tetrazine ligation, to name but a few (Figure 14).69–71
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[bookmark: _Ref492993852]Figure 14. A) Oxanorbornadiene cycloaddition with an azide via a 1,3-dipolar cycloaddition followed by a retro-Diels Alder reaction to form a triazole linkage and loss of a furan. B) Tetrazine ligation between a trans-clyclooctene and an s-tetrazine via an inverse Diels Alder reaction, a retro-Diels alder reaction and elimination of nitrogen.
[bookmark: _Toc466984450][bookmark: _Toc509909864]1.2.2	Molecular probes in bacteria
Visualisation of biosynthetic processes to better understand how they occur can be achieved by using fluorescent biomolecules. A fluorescent moiety can be incorporated into an enzyme, antibiotic or synthesis component in bacteria. Green fluorescent protein (GFP) is a fluorescent protein found in jellyfish and can be used as a genetically encoded fluorescent tag. GFP has a sequence of three amino acids (serine-tyrosine-glycine) at the core of the folded protein. The glycine and serine undergo ring-closure, dehydration and oxidation to form a fluorescent chromophore (Figure 15). The internal hydrogen and electron-stacking interactions influence colour, intensity and photostability.72,73 However due to the large size of this protein, it may not give an unbiased representation of biological processes. Chemical fluorophores can be synthesised to be much smaller than GFP allowing easy transport into the bacteria through the cell wall and not affecting any functions of the observed molecules.72,73
[image: ]
[bookmark: _Ref455584366]Figure 15. Proposed mechanism for the intramolecular biosynthesis of the GFP chromophore. 72
Fluorescently labelled tags have been commonly used as labels for studying the biochemistry of the FtsZ protein that assembles at the site of septation during bacterial cell division.  Fu et al. used Eos, a photoactivatable fluorescent protein originally isolated from a coral, fused to FtsZ (FtsZ-mEos2) to localize the Z-ring using super-resolution microscopy in E. coli.33 They were able to make novel observations over the conformation and variability of the Z-ring in Gram-negative bacteria and take quantitative results from the Z-ring thickness.33
A recent study by Mohammadi et al. to address the role of FtsW, a bacterial cell division protein, mapped the transfer of peptidoglycan Lipid II from the cytoplasm to the periplasm using a fluorescently labelled Lipid II in bacterial membrane vesicles alongside fluorescent antibiotics.40 In this fluorescence resonance energy transfer (FRET) study they used a tetramethyl rhodamine (TMR)-labelled vancomycin fluorescence acceptor and a fluorescent 7-nitro-2,1,3-benzoxadiazol-4-yl (NBD)-labelled Lipid II as a donor.40 The sample was excited at the λmax for NBD and when the two fluorophores are within 10 nm of each other only then will the fluorescence signal of the acceptor be visible, a strong FRET signal is detectable only when Lipid II is present.40 From this the rate of transmembrane movement of Lipid II has shown that the FtsW-mediated transmembrane transport is not the rate-limiting step, thus it is not responsible for Lipid II translocation from the cytoplasm to the periplasm.40 These are to name but a few studies. The use of small fluorescent probes is discussed in Chapter 3. 
[bookmark: _Toc466984451][bookmark: _Toc509909865]1.3	Fluorescent Microscopy
Fluorescence is the absorption and subsequent emission of light by organic and inorganic molecules with a short-range time delay, usually less than a millisecond. Sir G. Stokes first described fluorescence in 1852 when he observed that under UV excitation a mineral called fluorspar emitted red light. Stokes noted that fluorescence emission always occurs at a longer wavelength than that of the excitation light. 
A photon of light is absorbed by an electron of a fluorophore in the ground state, which raises the energy level of the electron to an excited singlet state. Whilst in the excited state, some energy is dissipated via molecular collisions, transfer to other molecules or internal conversion into a lower vibrational energy state, before the electron energy falls back to the ground state emitting a photon called fluorescence (Figure 16). 
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[bookmark: _Ref455585435]Figure 16. Jablonski plot of the absorption of an electron from the ground state to an excited singlet state and emission back to the ground state.
The difference in wavelength between the excitation energy required and the emitted fluorescence first noted by Stokes (Stokes Law) made it easy to distinguish between the emitted light and the excitation light as the light is red-shifted. 
Fluorescence microscopy is a form of optical microscopy, exciting a sample with a laser light and measuring the resulting emitted light on a detector perpendicular to the light source, to generate a fluorescent image. Fluorescence microscopy can typically allow two-dimensional images in the x- and y-plane can be taken, however three-dimensional (3D) images can also be acquired using fluorescence microscopy by focusing the sample at different depths adding a z-plane. 
The first fluorescence microscopy used an acid-fast fluorophore dye with a halogen or high-pressure mercury vapour lamp as the light source. This is now an essential technique in biology, and the application of an array of fluorophores can be used to identify cell and sub microscopic cellular components with high specificity.74
Some cells and bacteria auto-fluoresce when irradiated with certain wavelengths of light, and auto-fluorescence can vary in brightness in a biological sample. Fluorophores can give a narrow range of emission and also excitation radiation wavelengths, as well as a bright intensity and high ratio of photon absorption to emission (quantum yield). 
[bookmark: _Toc466984452][bookmark: _Toc509909866]1.3.1	Super resolution microscopy
In 1873 Abbe noted that the spatial resolution of conventional light optical microscopy is restricted by the diffraction limit of visible light to approx. 200 nm.75 The Abbe diffraction limit of green light in modern optics is approximately 200 nm.76 The average size of most bacteria is under 1 μm and thus conventional light microscopy is inadequate for studying the nanoscale architecture of bacteria.77
A technique which is not limited by the diffraction limit is a new spectroscopy challenge that could solve numerous biological questions. and there are several approaches to increase the spatial resolution of optical microscopy, including ensemble focused light imaging techniques. These techniques use non-linear optical effects that typically require the application of multiple high-intensity pulsed lasers with specialized modulation filters to control the excitation beam geometry. One such technique is Structured Illumination Microscopy (SIM) that applies a patterned illumination field onto the sample. The pattern is created by interference of multiple light sources in the axial direction, the lateral direction, or both.78 Multiple images are then acquired with the illumination patterns in different phases and the data is reconstructed to give a higher resolution image (Figure 17B).79 SIM is only capable of doubling the spatial resolution as the illumination pattern itself is also limited by the spatial resolution of light.80
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[bookmark: _Ref488851109]Figure 17. Examples of super resolution microscopy A) STED, B) SIM, C) PALM/ STORM. Image courtesy of Habuchi, S. (2014).81
A second technique is Stimulated Emission Depletion Microscopy (STED) which is a scanning technique using spatial patterned excitation. STED uses a conventional laser beam to excite fluorescence and a second ring-shaped laser (STED laser) to suppress the fluorescence emission from fluorophores not located in the centre of the excitation (Figure 17A).78 STED suppresses the fluorescence emission by stimulated emission, which depletes excited-state fluorophores capable of fluorescence emission.35 STED can optically modify the point spread function (PSF) to reduce its effective diameter. A smaller PSF is then scanned over the sample to generate an enhanced-resolution image.35
Another approach is single-molecule imaging, which includes photoactivation localization microscopy (PALM) and stochastic optical reconstruction microscopy (STORM). Both PALM and STORM are super-resolution fluorescence microscopy methods based on high-accuracy localization of photo-switchable fluorophores (Figure 17C).35,82
Using STORM a single object can be precisely localised by determining the centre of its emission pattern by fitting a two-dimensional Gaussian profile to the individual point spread function.83 STORM is a new far-field microscopy technique offering lower resolution limits of 20 nm in the lateral (x,y) direction and 50 nm in the axial (z) direction.82 STORM requires photo-switchable fluorophores that are able to cycle between ‘dark’ and ‘on’ states allowing only a small portion of the probes to be in the ‘on’ state at any time.84 Photoblinking and photobleaching are reversible and irreversible transitions, respectively, to non-emissive states (Figure 18).
An example of the STORM imaging sequence is an object labelled with red fluorophores that can be switched between a fluorescent state and a dark state using different coloured lasers.  The ‘dark’ state is achieved by using a strong red laser pulse and forcing the excited electrons in to a high-energy triplet state. Then a green laser pulse is used to switch ‘on’ only a fraction of the fluorophores to give an optically resolvable set of active fluorophores.85 Following this, the probe is then illuminated with red laser light, allowing the molecules to emit fluorescence until they are switched off. The blinks from each fluorophore can be localised, the overall image can be reconstructed from these localised positions from multiple imaging cycles.
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[bookmark: _Ref455588158]Figure 18. Photoblinking and photobleaching electronic state transition diagram. S denotes excited singlet states and T and D denote the excited triplet and dark states respectively. Blue arrow characterises excitation from the singlet ground state to the singlet excited state, the red arrow shows fluorescent radiation back to the ground state. Green arrows denote non-fluorescent radiative transitions. Adapted from Sanches and Rodrigues.86
The image quality can therefore be reduced by a poor contrast of signal to noise, too fast blink rates and too low or too high labelling efficiency.77 Another issue is drifting of the cell over time taken to collect the data series. Using reference ‘permanently on’ fluorescent beads as drift correction references can minimalize drifting.
The properties of the fluorophore can be altered depending upon the size of the quantum box as well as the electronic effects of substituents around the fluorophore.87  Different thiol-containing buffer solutions such as ß-mercaptoethylamine or glutathione, or oxygen scavenging buffer solutions such as glucose oxidase can improve the blink-rates of the fluorophore allowing accurate localization.83



[bookmark: _Toc490820843][bookmark: _Toc509909867]Chapter 2: Materials and Methods
[bookmark: _Toc490657481][bookmark: _Toc490820844][bookmark: _Toc509909868]2.1 	General Methods	
[bookmark: _Toc490657482][bookmark: _Toc490820845][bookmark: _Toc509909869]2.1.1	Instruments
A Nikon dual-camera microscope was used for all standard bacterial imaging, the Nikon inverted Ti eclipse microscopy system uses a Lumencor SpectraX LED excitation (395 nm, 440 nm, 470 nm, 508 nm, 561 nm, 640 nm). The fitted emission filters are compatible with a wide range of fluorophores, see Table 1. Images were acquired using NIS elements software including deconvolution.
	Filters
	Compatible Fluorophores
	Emission and band path / nm

	FITC
	NADA
	455/ 50

	DAPI
	HADA
	525/ 36

	Rhodamine-Texas Red-PE
	TAMRA
	605/ 52

	Cy5
	Alexa Fluor™ 647
	705/ 72


[bookmark: _Ref464118947]Table 1. Comparison of filters and their wavelenths on the Nikon inverted Ti eclipse microscopy system with compatible fluorophores.
[bookmark: _Toc490657483][bookmark: _Toc490820846][bookmark: _Toc509909870]2.2	Bacterial Labelling
All buffers and solutions were prepared in distilled water and sterilised by autoclaving for 20 minutes at 121 °C (15 psi) unless otherwise stated.
[bookmark: _Toc490657484][bookmark: _Toc490820847][bookmark: _Toc509909871]2.2.1	Growth Media
[bookmark: _Toc490657485]Brain Heart Infusion (BHI) 
Brain Heart Infusion Oxoid Nutrient Agar was added at 1% w/v for BHI Agar.
[bookmark: _Toc490657486]Phosphate Buffer Solution (PBS)
NaCl 					8 g L-1 
Na2HPO4 				1.4 g L-1 
KCl 					0.2 g L-1
KH2PO4 				0.2 g L-1
The pH was adjusted to pH 7.4 with NaOH.
Chemically Defined Media (CDM)
Solution 1- Dissolved in 700 mL of distilled water to adjust to pH 7.2 with 5 M NaOH(aq)
Na2HPO4.2H2O			7.0 g		L-Lysine			0.10 g
KH2PO4				6.0 g		L-Leucine			0.15 g
L-Aspartic Acid			0.15 g		L-Methionine			0.10 g
L-Alanine			0.10 g		L-Phenylalanine		0.10 g
L-Arginine			0.10 g		L-Proline			0.15 g
L-Cysteine			0.05 g		L-Serine			0.10 g
Glycine				0.10 g		L-Threonine			0.15 g
L-Glutamic Acid		0.15 g		L-Tryptophan			0.10 g
L-Histidine			0.10 g		L-Tyrosine			0.10 g
L-Isoleucine			0.15 g		L-Valine			0.15 g
Solution 2- Dissolved in 140 mL of distilled water 1000x solution
Biotin				0.02 g		Pyrooxial HCl			0.80 g
Nicotinic Acid			0.40 g		Pyridoxamine			0.80 g	   
D-Pantothenic Acid		0.40 g		Riboflavin			0.40 g 
Thiamine HCl			0.40 g
Solution 3- Dissolved in 500 mL of 0.1 M HCl 
Adenine Sulphate		0.18 g		Guanine HCl			0.18 g
Solution 4- Dissolved in 500 mL of 0.1 M HCl 
CaCl2.6H2O			0.50 g		(NH4)2Fe(SO4)2.6H2O		0.30 g
Solution 5- Dissolved in 500 mL of distilled water
Glucose 			50 g		MgSO4.7H2O			2.5 g
Autoclave Solutions 1, 3, 4 and 5 all separately for storage, Solution 2 is not suitable for autoclaving and instead was filter sterilized into clean glassware.
To solution 1 (700 mL) add solution 3 (50 mL) and solution 4 (10 mL). [Add agar (15 gL-1) for CDM agar solution before autoclaving]. Warm solution 2 (100 mL) [N.B> this is a 1000x solution so add solution 2 (100 µL) into distilled water (100 mL)] and solution 5 (100 mL) to 50 °C and add to solution 1, 3 and 4.
Minimal Media (M9)
5x Stock solution- Dissolved into 500 mL, heat and stirring while adding all the salts and autoclave for storage.
Na2HPO4			30 g		NaCl				2.5 g
KH2PO4				15 g		CaCl2				0.015 g
NH4Cl				5.0 g		
Working Solution (50 mL Conical)
5X Stock solution		10 mL		MilliQ water			40 mL
1M MgSO4			50 µL		20% w/v Glucose		500 µL
[bookmark: _Toc490657487][bookmark: _Toc490820848][bookmark: _Toc509909872]2.2.2	Fixative Preparation
[bookmark: _Toc490657488]100 mM sodium phosphate buffer (pH 7.0)
Na2HPO4 (1M) 			57.7 ml
NaH2PO4 (1M) 			42.3 ml
[bookmark: _Toc490657489]16% (w/v) Paraformaldehyde
100 mM sodium phosphate buffer (pH 7.0) 	50 ml
Paraformaldehyde			8.0 g
The solution is heated to 60 °C with stirring for 20 minutes. Maintaining heat and agitation NaOH (≥ 5M) solution was added drop wise until the solution cleared. The solution was stored at 4 °C for up to 3 months.
[bookmark: _Toc490657490]Fixative
Paraformaldehyde, 16% (w/v) 	0.5 ml
PBS					2 ml
Cells were suspended in fixative (0.5 mL) and distilled water (0.5 mL) and shaken for 30 minutes at room temperature. After which the fixed cells were centrifuged for 5 minutes at 13,400 rpm and washed with distilled water.
[bookmark: _Toc490657491][bookmark: _Toc490820849][bookmark: _Toc509909873]2.2.3	Labelling Chemicals and Buffers
Click-iT® reaction buffer kit- obtained from Molecular Probes® and prepared with their instruction:
Click-iT® cell reaction buffer		440 µL
Click-iT® buffer additive		50 µL
CuSO4 (100 mM)			10 µL
Labelling Chemicals- All chemicals used and their concentration shown in Table 2.
	Stock Solution
	Concentration
	Solution
	Storage

	3-Azido-D-alanine (ADA)
	100 mM
	DMSO
	-20 °C

	3-Azido-D-alanine-D-alanine
(ADA-DA)
	100 mM
	DMSO
	-20 °C

	Vancomycin
	100 mM
	DMSO
	-20 °C

	Tetramethylrhodamine-5(6)- 3-amino-D-alanine (TADA)
	100 mM
	DMSO
	-20 °C in the dark

	Nitro benzofurazan 3-amino-D-alanine (NADA)
	100 mM
	DMSO
	-20 °C in the dark

	3-{[(7-Hydroxy-2-oxo-2H-1-benzopyran-3-yl) carbonyl] amino} D-alanine, 2,2,2-trifluoroacetate (HADA)
	100 mM
	DMSO
	-20 °C in the dark


[bookmark: _Ref489452335]Table 2. List of chemicals used for bacterial cell labelling including their concentrations and storage conditions.

	S. aureus Strain
	Genotype
	Source

	SH1000
	Functional rsbU+ derivative of 8325-4
	(Horsburgh, M. J. et al., 2002) 88

	JE2
	MRSA - Parental strain of Nebraska Mutant Library. Also known as USA300 JE2
	Centre for Staphylococcal Research, University of Nebraska Medical Centre

	JE2 (pbp3)
NE420
	Transposon insertion mutant into SAUSA300_1512 (pbp3)
	Centre for Staphylococcal Research, University of Nebraska Medical Centre

	JE2 (pbp4)
NE679
	Transposon insertion mutant into SAUSA300_0629 (pbp4)
	Centre for Staphylococcal Research, University of Nebraska Medical Centre


Table 3. List of S. aureus strains used for fluorescent labelling studies.
	[bookmark: _Toc490657492]Strain
	Genotype
	Source

	HR 168
	B. subtilis wildtype
	Lab strain

	MG1655
	E. coili wildtype
	Lab Strain


Table 4. List of other bacterial strains used for fluorescent labelling studies.
[bookmark: _Toc490820850][bookmark: _Toc509909874]2.2.4	Optical Density Measurements
To quantify the bacterial yield of a culture, spectrophotometric measurements were taken at 600 nm (OD600). Measurements were taken using a Jenway 6100 spectrophotometer. Wherever necessary, a 1:10 dilution was made in sterile culture media.
[bookmark: _Toc490657493][bookmark: _Toc490820851][bookmark: _Toc509909875]2.2.5	S. aureus growth and Strains
S. aureus strains were grown on BHI agar, for short term storage strains were maintained at 4 °C. For longer term storage a single colony was stored in Microbank beads and stored at -80 °C. The wild type used for all labeling experiments was SH1000.
A single colony of S. aureus (SH1000) was used to inoculate 10 mL of media in a sterile 25 mL universal tube and was grown in liquid media aerobically at 37 °C overnight at 250 rpm on the rotary shaker. A sample of the culture was then used to inoculate 50 mL of fresh BHI in a 250 mL sterile conical to give an OD600 of 0.05. These were then grown at 37 °C at 250 rpm on the rotary shaker to the required growth stage.
[bookmark: _Toc509909876]2.3	Labelling techniques
[bookmark: _Toc490657494][bookmark: _Toc490820852][bookmark: _Toc509909877]2.3.1	Fluorescent D-Amino Acid Labelling
Growing bacterial culture (1 mL) was added to an Eppendorf containing a fluorescent D-amino acid in DMSO at an appropriate concentration (Table 2). The bacterial culture was incubated for a suitable time at 37 °C, centrifuged for 5 minutes at 13,400 rpm and washed with PBS. For live cell imaging the cells were re-suspended in PBS (100-200 µL) or alternatively the cells were then fixed as described 2.2.2.
[bookmark: _Toc490657495][bookmark: _Toc509909878]2.3.1.1		Click-iT® FDAA Labelling of cells
Growing bacterial culture (1 mL) was added to an Eppendorf containing Azido-D-alanine (D-aza-ala) in DMSO at an appropriate concentration. The bacterial culture was incubated for a suitable time at 37 °C, centrifuged for 5 minutes at 13,400 rpm and washed with PBS. The cells were then fixed as described in 2.2.2. The cells were clicked using the Click-iT® reaction kit from Life Technologies and carried out following the instructions provided by Invitrogen. The fixed cells were suspended in Click-iT® reaction buffer, Click-iT® cell buffer additive, Copper(II) sulfate (10 mM) and the alkyne modified fluorophore (1-5 μM) for a suitable amount of time, before being centrifuged for 5 minutes at 13,400 rpm.
[bookmark: _Toc490657496][bookmark: _Toc490820853][bookmark: _Toc509909879]2.3.2	Fluorescent Sugar Labelling
Growing bacterial culture (1 mL) was added to an Eppendorf containing a click sugar in DMSO at an appropriate concentration. The bacterial culture was incubated for a suitable time at 37 °C, centrifuged for 5 minutes at 13,400 rpm and washed with PBS. For live cell imaging the cells were re-suspended in PBS (100-200 µL) or alternatively the cells were then fixed as described 2.2.2. The bacterial cells were labelled with a fluorescent probe using the Click-iT® FDAA labelling method as described in 2.3.1.
[bookmark: _Toc490657497][bookmark: _Toc490820854][bookmark: _Toc509909880]2.3.3	Fluorescent Vancomycin Labelling
[bookmark: _Toc509909881]2.3.3.1		Synthesis
Triethylamine (5 µL) was added to a solution of Vancomycin (2 mM) and NHS-ester fluorescent dye (2 mM) in DMSO (200 µL). The mixture was stirred for 24 hours in the dark at room temperature. Triethlyamine was removed in vacuo and a subsequent solution of 1M Tris-HCl (800 µL) at pH 7.0 was added to quench unreacted NHS-ester groups upon the dye.89 This results in a 0.1 mM solution of fluorescent vancomycin.
[bookmark: _Toc509909882]2.3.3.2		Labelling
Growing bacterial culture (1 mL) or a fixed cell pellet re-suspended in PBS (1 mL) was incubated with 0.1 mM fluorescent vancomycin (10 µL) at room temperature for 30 minutes and rotary shaken. Labelled cells were collected by centrifugation and fixed as described 2.2.2 if necessary.
[bookmark: _Toc490657498][bookmark: _Toc490820855][bookmark: _Toc509909883]2.3.4	Preparation of Slides
[bookmark: _Toc490657499][bookmark: _Toc509909884]2.3.4.1		Poly-lysine slides
Fixed bacterial cells were made up to an appropriate sample dilution in PBS, 5 μl of culture was applied to a poly-L-lysine prep slide and left to air dry. Any residue was washed away with distilled water and the slide re-dried under N2. The coverslip was mounted with 5 μl SlowFade Gold antifade reagent (Molecular Probes) and sealed with DPX mountant (BDH).
[bookmark: _Toc490657500][bookmark: _Toc509909885]2.3.4.2		Preparation of slides for STORM
Fixed bacterial cells were made up to an appropriate sample dilution in PBS with the addition of 5 μL of 103 nm gold nanoparticles (Nanopartz) were added to 95 μL HPLC-grade water. 5 μL of culture was applied to a poly-L-lysine prep slide and dried under nitrogen. The cover slip was mounted with a variety of buffers dependent on the fluorophore, such as PBS containing 10 mM cysteamine and sealed with DPX mountant (BDH).

[bookmark: _Toc465953925]

[bookmark: _Toc490820856][bookmark: _Toc509909886]Chapter 3: Development of probes to evaluate amino sugar incorporation into peptidoglycan
[bookmark: _Toc490820857][bookmark: _Toc509909887]3.1	Introduction
[bookmark: _Toc465953927][bookmark: _Toc487543922][bookmark: _Toc490820858][bookmark: _Toc509909888]3.1.1	Molecular imaging sites of peptidoglycan incorporation
There are multiple well-determined models for the synthesis, structure and architecture of peptidoglycan in bacteria. To better understand the pathway of peptidoglycan synthesis it is possible to use molecular probes to fluorescently label and track various cell wall components. Peptidoglycan has several sites available for the labelling of probes used in molecular imaging and biochemical studies; there are three distinct areas to explore for specific labelling including the disaccharide backbone, the reducing termini and the pentapeptide side chain (Figure 19).
[image: ]
[bookmark: _Ref492994001][bookmark: _Toc487544037]Figure 19. Multiple labelling sites on peptidoglycan.
Each area has a varying level of specificity with incorporation of a suitable molecular probe, dependent on a multitude of factors, for example the promiscuity of enzymes required for probe incorporation. Molecular labelling is further complicated by chemically synthesising a suitable probe.
[bookmark: _Toc487543923][bookmark: _Toc509909889]3.1.1.1 Peptidoglycan side chain
The pentapeptide side chain of peptidoglycan in S. aureus consists of five amino acids: L-alanine, D-glutamic acid, L-lysine and finally two D-alanine moieties. The pentapeptide amino acid chain is incorporated onto UDP-MurNAc by a series of enzymes following the Mur pathway (MurC-MurF) (Figure 20). The ability of Mur enzymes to incorporate an amino acid analogue varies between each protein. The MurF enzyme incorporates the final D-alanine-D-alanine dipeptide, in vancomycin resistant strains of enterococci, a Gram-positive bacteria, MurF has shown to incorporate non-canonical dipeptides such as D-alanine-D-serine and D-alanine-D-lactate.90,91 This level of variation can be manipulated in an attempt to incorporate D-alanine analogues into the biosynthetic pathway.
[image: ]
[bookmark: _Ref487455355][bookmark: _Toc487544038]Figure 20. D-Alanine-D-alanine synthesis in S. aureus, followed by insertion in to peptidoglycan following the biosynthetic pathway.
D-amino acids are not abundant in the environment however they are required for the extracellular structure of bacteria, they are often synthesised by a racemase or epimerase enzymes, which are reversible reactions, allowing the interconversion between L- and D-stereoisomers.92 The unique stereocentre and scarcity of D–amino acids allows them to be quite useful tools for molecular imaging. The incorporation of D-alanine analogues has been well documented over the last 20 years.93–95
Previous work in E. coli to incorporate D-cysteine into the 4th or 5th position on the peptide stem allowed the ligation of the thiol to pyrene maleimide, other maleimides or iodacetamides, alongside the use of N-ligated derivatives such as N-dansyl UDP-MurNAc-pentapeptide for a multitude of FRET studies.96,97 D-cysteine can be incorporated as a single amino acid into growth media at a concentration up to 100 μg/mL with no effect on growth rate or morphology.98 Comparatively MurF insertion of the D-alanine dipeptide, D-Cys-D-Ala showed a 10-fold preference over D-Ala-D-Cys onto the UDP-MurNAc-tripeptide due to MurF specificity for D-alanine at the C-terminal position.96
To explore the variability of bacteria to incorporate alternative D-amino acids into its peptidoglycan cell wall, S. aureus has also been grown in the presence of an excess of D-serine in a serine ‘switch’ experiment. Due to the lack of D-amino acids often present in bacteria, a D-serine rich media promotes the incorporation of D-serine in place of D-alanine on the pentapeptide side chain in peptidoglycan. Bacteria are grown in a D-serine rich media, followed by a short time of growth in a D-alanine rich media, due to the enzymatic preference for D-alanine this will now be incorporated into newly synthesised peptidoglycan.21 Fluorescent vancomycin can be added which binds directly to the D-ala-D-alanine residue thus imaging only nascent cell wall synthesised over the 5 minutes of D-alanine addition.21 This is an example of using amino acids to act as molecular probes.
Labelling the pentapeptide side chain with non-proteinogenic D-amino acids and FDAAs, further discussed in Chapter 4, face the same challenge of multiple synthesis pathways: following either the Mur pathway, incorporation into the selective MurF enzyme or periplasmic exchange with existing cell wall material by penicillin binding proteins. Despite the scope of fluorescent D-amino acids as versatile probes for peptidoglycan biosynthesis imaging, the multitude of synthesis routes for the incorporation of new D-amino acids leave some ambiguity as to the specificity of new peptidoglycan labelling. In addition the terminal D-amino acid (5th position) of the pentapeptide side chain is removed in transpeptidation, potentially leading to non-specific labelling or staining of the fluorescent probe. Therefore alternative labelling sites upon peptidoglycan are worth consideration for the addition or incorporation of a suitable molecular probe.
[bookmark: _Toc487543924][bookmark: _Toc509909890]3.1.1.2 Reducing termini
The repeating disaccharide backbone of peptidoglycan has a terminal N-acetylmuramic acid (MurNAc) sugar, which exists as both a closed ring pyranose structure and an open aldohexose structure. The ring open aldohexose structure is classed as the reducing termini, due to its anomeric carbon it is able to tautomerise forming the pyranose sugar structure at the end of a glycan chain (Figure 21). 
[image: ]
[bookmark: _Ref488047561][bookmark: _Toc487544039]Figure 21. Terminal disaccharide GlcNAc and MurNAc of peptidoglycan backbone A) pyranose reducing termini, B) open-chain reducing termini.
The anomeric carbon present in N–acetylglucosamine (GlcNAc) at the start of the peptidoglycan chain is involved in a glycosidic bond to the next sugar, this is classed as the non-reducing terminus. MurNAc in its open chain form has an electrophilic aldehyde functional group that is reactive to nucleophilic attack. 
Previous peptidoglycan labelling studies at the reducing termini with Gram-positive bacteria have used Alexa Fluor™ 488 hydroxylamine (HAF 488). The lone pair on the nitrogen in hydroxylamine reacts with the aldehyde to form a stable oxime under biological conditions.99 Treatment of bacteria with sodium borohydride reduces all aldohexose sugars to their pyranose sugar form and should remove fluorescent labelling with HAF 488. Labelling of both S. aureus and B. subtilis cells with and without sodium borohydride was poor due to high levels of intracellular imaging. The labelling was further attempted with purified sacculi; less cell staining and background noise was noticed with this method.99 Labelling of the reducing termini with an amine-based probe has shown to be an inconsistent labelling method; it is dependent on the percentage of aldohexose reducing termini present at any given time compared to the tautomeric form. The rate of tautomerization under biological conditions and the percentage of aldohexose percentage present are currently undetermined in S. aureus and B. Subtilis, two Gram-positive bacteria of interest.
[bookmark: _Toc465953928][bookmark: _Toc487543925][bookmark: _Toc509909891]3.1.1.3 Glycan backbone
The peptidoglycan backbone contains repeating dimer units of GlcNAc and MurNAc, both being possible candidates for chemical modification to attach a molecular probe. The use of modified carbohydrates as tools in molecular imaging has previously been explored by a variety of techniques; many methods are bioorthogonal to visualising polysaccharides and glycoproteins in fixed and living cells. 
Biosynthesis and dynamics of a monosaccharide such as GlcNAc can be examined by metabolic glycoengineering, replacing a monosaccharide with a non-natural chemically modified monosaccharide such as N–azidoacetylglucosamine, (GlcNAz) into the metabolic pathway.100,101 Work by Bertozzi et al. explored the scope of sialic acid-containing glycans with analogues of N-acetylgalactosamine, (GalNAc) and N-acetylmannosamine, (ManNAc), monosaccharides with a clickable motif (Figure 22), their work was carried out in vitro and in vivo showing the great scope of biorthogonal labelling.64 In their work multiple chemical reporters can be detected with simultaneous imaging via a phosphine mediated Staudinger reaction or via alkyne click chemistry with azide groups. 64,102–104 Both of these molecular probe handles have been introduced within N-azidoacetylgalactosamine (Ac4GalNAz) and N-azidoacetylmannosamine (Ac4ManNaz) to create click modified carbohydrates for glycol lipid labelling.64,102–104 These are well tolerated upon incorporation into mammalian Jurkat cells and even in live zebra fish.64,102–104 To monitor glycan expression and dynamics in mammalian Jurkat cells they pushed for a dual labelling technique. Cells were labelled with both N-levulinoylmannosamine (Ac4ManLev) to introduce a ketone motif ligated to biotin hydrazine and Ac4ManNAz, which is subsequently a cyanine based phosphine probes via a Staudinger ligation in one-pot giving excellent dual label visualisation.102 
[image: ]
[bookmark: _Ref467224255][bookmark: _Toc465953726][bookmark: _Toc465954128][bookmark: _Toc487544040]Figure 22. Chemical structures of Acetyated-GlcNAz , GalNAz and ManNAz.
Previous other modified carbohydrate work published by Seibel et al. included incorporation of azido-modified carbohydrates into S. aureus. Their subsequent aim was to observe the effect of the adhesion potential of S. aureus to human T24 bladder cancer cells.105 Bertozzi and Laughlin discuss at length the benefits of imaging glycans with the use of azide- and alkyne-bearing monosaccharides and protected acetylated monosaccharides as a chemical reporters in biological systems.64 The acetyl protecting groups will be cleaved by cytosolic esterases in vivo and subsequently labelled with a fluorescent moiety for visualisation. Ac4GalNAz has even been used to label mucin-type O-linked glycans in cancer cell lines, mice and zebra fish models, showing their versatility in eukaryotic cells.106,107 The use of modified monosaccharides to label glycans has yet to be explored in bacteria.
There is a large intertwined amino-sugar and nucleotide-sugar biosynthetic pathway in bacteria such as S. aureus. A small number of extracellular sugars and by-products from metabolic process have a multitude of intermediates and products they are required to form. An example is the synthesis of desired GlcNAc phosphate intermediates, many with 6 possible synthesis routes, and these are important as they are required for cell wall synthesis. S. aureus is able to uptake extracellular sources of monosaccharides, many of these have to pass through a multitude of enzymes before insertion into the glycosylation pathway (Figure 23), many of these proteins are either essential for cell growth or uncharacterised. 
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[bookmark: _Ref465951128][bookmark: _Toc465953733][bookmark: _Toc465954135][bookmark: _Toc487544041]Figure 23. Glycan biosynthesis in S. aureus adapted from KEGG Amino sugar and nucleotide sugar metabolism for S. aureus.108
The full amino sugar and nucleotide sugar metabolism pathway is still widely unknown in S. aureus, along with most Gram-positive bacteria. The transportation of monosaccharides such as GlcNAc, ManNAc and glucose into bacteria have all been reported in different bacteria by a variety of phosphoenolpyruvate phosphotransferase systems (PTS), which are sugar-specific.108,109 By this method sugars are taken up in their phosphorylated form before entering the metabolic pathways.108 For transport across the cytoplasmic membrane extracellular GlcNAc would be initially phosphorylated into GlcNAc-6P. In S. aureus USA300, a known MRSA strain, NagE (N-acetylglucosamine-specific IIBC component) is responsible, however it is unknown if this enzyme is largely conserved across the species. It was hypothesised the inclusion of modified-GlcNAc may follow the same metabolic pathway. 
S. aureus is able to uptake extracellular MurNAc, it was first thought to incorporate directly modified MurNAc, however extracellular MurNAc is first phosphorylated before it is converted into phosphorylated GlcNAc (GlcNAc-6P) and passing into the Mur synthesis pathway (Figure 23).  This would make the addition of modified MurNAc, a synthetically more difficult monosaccharide, less desirable to incorporate. 
Komatsuzawa previously showed the variation in S. aureus GlcNAc uptake of carbohydrates using radio labelled 14C-GlcNAc and 3H-GlcNAc. 3H-GlcNAc labelling showed almost 100% incorporation S. aureus BB270 after 2 hours, conversely 14C-GlcNAc only reach 50-60% total cell incorporation, however of the cells labelled both showed 70-80% of the radio-labelled monosaccharide was present in the cell wall.108 This level of specificity for PTS enzymes in how selective they are between radioactive isomers at monosaccharide incorporation may suggest addition of a modified monosaccharide, with a seemingly small molecular handle, may be excluded from the biosynthetic pathway.
[bookmark: _Toc487543926][bookmark: _Toc490820859][bookmark: _Toc509909892]3.1.2	Glycoproteins in bacteria
Modified monosaccharides have not only been used to label glycan chains but also glycoproteins in eukaryotic cells, this could lead to the possibility of cross-labelling in bacteria.107 The presence of glycoproteins has been well documented in archaea and eukaryotes such as surface or membrane associated glycoproteins, however due to the lack of cellular organelles often required for glycosylation the presence of glycoproteins in prokaryotes has been absent.110 
Initially the majority of glycoproteins reported were in archaebacteria and often found in the S-layer, however several recent studies have shown the presence in eubacteria.110,111 Several membrane-associated proteins have been identified in multiple Streptococcus strains, such as M-protein/SAGP, alongside several secreted and cellular glycoproteins identified in Bacillus strains. An example is 52 kDA PGI, however many of their functions are still undetermined.111 In S. aureus plasmin-sensitive surface protein (Pls) are post-translationally modified glycoproteins and currently the only identified glycoproteins.112 This work was carried out while identifying virulence factors in S. aureus as glycosylated Pls may contribute to MRSA pathogenicity.112 However due to the lack of information about glycoproteins known in S. aureus, it was anticipated that these would not interfere with a modified monosaccharide labelling the abundance of glycans in peptidoglycan.
[bookmark: _Toc509909893]3.1.3	Teichoic acids in bacteria

There are additional components in the bacterial cell wall that contain derivatives of GlcNAc including wall teichoic acids and extracellular polysaccharides. Wall teichoic acids (WTAs) are a major component in Gram-positive bacteria determining cell shape and regulating cell division, often consisting of alternating polyhydroxy alkane and phosphoric acid anchored to the cell membrane with a disaccharide unit (Error! Reference source not found.).113 
[image: ]
Figure 24. General structure of wall teichoic acid in A) S. aureus wild type, B) B. subtilis wild type.23–25 
S. aureus WTAs have a poly(ribitol-phosphate) backbone consisting of 10-20 monomers with alternating units of GlcNAc and D-alanine ligated to the back bone.23–25 B. subtilis has much longer WTAs with a poly(glycerol-phosphate) backbone of 40 repeating units, D-alanine and glucose are decorated along the polymer backbone.23–25 There is a possibility labelling of azido-monosaccharides may incorporate into the WTAs instead of peptidoglycan 
[bookmark: _Toc465953929][bookmark: _Toc487543927][bookmark: _Toc490820860][bookmark: _Toc509909894]3.2	Results and Discussion
[bookmark: _Toc487543928][bookmark: _Toc490820861][bookmark: _Toc509909895]3.2.1	Incorporation of azido-monosaccharides into S. aureus, B. subtilis and E. coli
 It was attempetd to incorporate series of modified carbohydrates supplied by the Jones group from Chemistry department in to various bacteria. Molecular labelling was attempted into growing S. aureus, B. subtilis and E. coli, to test the scope of incorporation in Gram-positive and Gram-negative, over a variety of concentrations and times. The full extent of incorporation was tested with a variety of acetylated and un-acetylated azido monosaccharide derivatives (Figure 25) 6-azido-GlcNAc, 6-azido-AcGlcNAc, GlcNAz and AcGlcNAz.
[image: ]
Figure 25. Synthesised click variations of acetylated and deacteylated GlcNAc.
The bacterial labelling method was completed according to previously reported bacterial monosaccharide labelling techniques alongside a modified labelling technique.100 Each monosaccaride was incorporated into growing bacteria in media at 37 °C with an overall concentration of 1 mM for 30 minutes. After which time the cells were fixed using p-formaldehyde in PBS and clicked with Alexa Fluor 647® alkyne for 30 minutes in the presence of a copper(I) catalyst. Cells are then washed with PBS to remove any remaining free dye and  were imaged using epi-fluorescence microscopy all at the same settings, a summary of different bacteria labelled in varying conditions with GlcNAz is shown (Figure 26). All images were processed in Fiji (imageJ) however kept at the same contrast and brightness. From a lack of labelling the concentraion of monosaccharide added was increased to 10 mM and the length of time labelled increased to 2 hours. Full images can be found in the supplementary data (Supplementary Figures 1 to 5). 
Seibel et al. used acetylated monosaccharide Ac4GlcNAz to label glycoproteins in S. aureus and used the clickable monosaccharide to test the bacterial adherence to Human carcinoma cells.105 In this previous bioorthogonal study undertaken by Memmel et al. GlcNAz was incorporated into Gram-negative E. coli which showed cell surface labelling.105 Following their protocol, incorporation of azido-monosaccharides was attempted at 30 minutes in B media, however no fluorescence was noted (Supplimentary Figure 2). The experiment was then repeated for 2 hours in LB at exponential growth phase but no fluorescence was observed (Figure 26).116,117 The lack of fluorescence in Gram-negative bacteria may be due to a reduced width of the peptidoglycan layer or the presence of the lipid bilayer outer membrane found in Gram-negative bacteria.118 
Labelling of B. subtilis with all four azido-monosaccharides for 30 minutes and 2 hours in rich media (NB) and minimal media (M9), which again showed little to no fluorescence after the click reaction (Supplimentary Figure 3 & 5). This presence of fluorescence was compared to the addition of FDAAs which readily label B. subtilus efficiently at total minimum concentrations of 250 µM- 1 mM for 30 seconds of pulse labelling.117 
6-Azido-AcGlcNAc and 6-Azido-GlcNAc both have an azide at position 6 instead of a primary alcohol. Since this position is phosphorylated in GlcNAc-6P and this is a key intermediate in the biosynthetic pathway, blocking this site might reduce in situ labelling, these are unsuitable monosaccharides to label the biosynthetic pathway. The small amount of labelling in S. aureus with 6-Azido-GlcNAc is likely to be of other glycoproteins in the bacteria or due to presence to Alexa Fluor 647® trapped in dense areas of bacteria (Supplementary Figure 4).
To test that the monosaccharides themselves were not inhibiting bacterial growth or having a toxic affect, S. aureus was grown in the presence of  GlcNAz and AcGlcNAz  at a overall concentration of 0.1 M for 8 hours and the was no significant change in growth (Supplementary Figure 8).
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[bookmark: _Ref377915661]Figure 26. Testing GlcNAz incorporation into  A) S. aureus (SH1000) B) B. subtilis grown for 30 mins C) E. coli grown for 30 mins D) S. aureus grown for 2 hours E) B. subtilis grown for 2 hours. Cells were labelled in media at 37 °C all with an overall concentration of 1 mM for 30 minute samples and 10 mM for 2 hour samples. Cells were fixed and copper clicked with Alexa Fluor 647® alkyne, and imaged using epi- fluorescence microscopy. Scale bar 5 µm.

[bookmark: _Toc487543929][bookmark: _Toc490820862]

[bookmark: _Toc509909896]3.2.2	Incorporation of ‘Pre-clicked’ Monosaccharides AcGlcNAz & GlcNAz into S. aureus
The previous experiments required the incorporation of the azido-monosaccharides into the cell wall, followed by fixation of the cells and then fluorescent tagging of the monosaccharide using click chemistry. However it was thought changing the order of addition of the fluorescent probe may affect incorporation. Both AcGlcNAz and GlcNAz were copper clicked overnight in PBS and buffer solution to both Alexa Fluor™ 647-alkyne and TAMRA-alkyne prior to addition into growing S. aureus. These pre-clicked fluorescent monosaccharides were incorporated at an OD600 0.1 in fresh rich media at a total concentration of 1 mM. Samples were taken at 30 minutes, 2 hours and 24 hours, the cells were fixed and checked using epi-fluorescent microscopy in the appropriate channels, however no fluorescence was observed. This is consistent with previous results using pre-clicked amino acids where no fluorescence was observed and growth of bacteria was not noticeably altered. This suggests that the size and/or charge of the bulky fluorescent moiety prevents transport across the cell wall or the cell membrane.
[bookmark: _Toc487543930][bookmark: _Toc490820863][bookmark: _Toc509909897]3.2.3	Incorporation of Monosaccharides AcGlcNAz & GlcNAz into S. aureus in defined media
The previously reported labelling method by Memmel et al. was repeated with click monosaccharides in a variety of different medias to encourage the uptake of modified sugar; in chemically defined media (CDM) (a minimal media), B media with a controlled variable glucose level and BHI (a rich media).119 In B media the level of glucose added was varied to give an average glucose concentration at 45 mM, a 50% m/v glucose deficient solution was also used as the addition of Click sugars would provide the secondary 50% m/v carbohydrate addition. Following reported labelling methods, no difference between glucose rich and glucose poor environments was observed with the addition of synthesised GlcNAc derivatives (Figure 27). CDM has a delayed exponential phase and often does not achieve the same growth level as BHI. CDM is complex to make, store and gave varying cell growth, this made it a very unreliable media for achieving comparable results. 
[bookmark: _Ref465956569][bookmark: _Toc465953734][bookmark: _Toc465954136][bookmark: _Toc487544048]
[image: ]Figure 27. Testing monosaccharide labelling in S. aureus (SH1000) in defined media, grown for 2 hours labelling at 37 °C in B Media with and without a reduced glucose environment A) AcGlcNAz B) GlcNAz C) GlcNAc D) azido-D-alanine E) Control, all with an overall concentration of 10 mM. Cells were fixed and copper clicked with TAMRA alkyne, and imaged using epi- fluorescence microscopy. Scale bar 5 µm.

[bookmark: _Ref487547431][bookmark: _Toc487544049]
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Figure 28. Comparison of AcGlcNAz, GlcNAz in different media incorporated into S. aureus (SH1000) labelled for 24 hours at an overall concentration of 10 mM. Cells were fixed and clicked with TAMRA alkyne for fluorescence imaging. Scale bar 5 µm.

[bookmark: _Toc465953930][bookmark: _Toc487543931]Overall the change in media from B media to BHI and thus the percentage of carbohydrate available to growing bacteria during monosaccharide labelling appeared to have very little effect. Some fluorescence was observed for monosaccharide incorporation into bacteria over 24 hours, however this is not appropriate for time-specific labelling. Due to the high concentration of bacteria and azido monosaccharide present in a sample after 24 hours, a larger concentration of dye was used for labelling and despite multiple wash steps, some dye was retained in aggregated bacteria of unlabelled S. aureus (Figure 28).
Despite following a reported procedure from Memmel et al. no incorporation of an azido-modified GlcNAc was observed.119 One major disadvantage may be the presence of multiple glycoproteins in S. aureus and potentially many more in other bacteria, which may be labelled by these same carbohydrates. However in this instance successful labelling of Bacteria with azido-monosaccharides at peptidoglycan, wall teichoic acids or glycoproteins was unsuccessful.
[bookmark: _Toc490820864][bookmark: _Toc509909898]3.3	Future Work
Previous carbohydrate labelling by Nishimura et al. included synthesis of N-acetyl-muramyl dipeptide derivatives with 2-N acetyl modification upon the GlcNAc (Figure 29). Several modified muramyl dipeptides were tested against mammalian cell lines to confirm that they did not significantly affect the binding to specific immune receptors such as Nod2, a peptidoglycan recognising protein. The use N-acetyl-muramyl dipeptide derivatives could be taken forward for bacterial labelling.

[bookmark: _Ref487544138][bookmark: _Toc487544050]Figure 29. Naturally occurring N-acetyl-muramyl dipeptide (A) compared to 2-azidoacetamido-muramyl dipeptide.
An alternative to GlcNAc modified carbohydrates is to utilise MurNAc. A very recent study by Grimes et al. showed successful incorporation of UDP-MurNAc in to Gram-negative E. coli by incorporating cell wall cycling machinery, in particular AmgK and MurU.120 AmgK is a MurNAc kinase to convert MurNAc to MurNAc 1-phosphate, MurU is a MurNAc α-1-phosphate uridylyltransferase to convert MurNAc 1-phosphate into UDP-MurNAc (Figure 30). 

[bookmark: _Ref487536737][bookmark: _Toc487544052]Figure 30. Chemical structure of MurNAc and phosphorylated derivatives.
The aforementioned enzymes installed in E.coli and B. subtilis were able to convert bioorthogonally modified MurNAc derivatives at the 2-N-acetyl position into UDP-monosaccharides and install them into the peptidoglycan. They were able to successfully click their MurNAc probes with a variety of dyes and image using 3D SIM and in the case of E. coli utilise STORM microscopy.120 The addition of the same cell wall cycling machinery could be attempted into S. aureus to incorporate clickable MurNAc derivatives into peptidoglycan.
To summarise the use of clickable monosaccharides GlcNAz and Ac4GlcNAz has been reported to successfully label S. aureus, however on repeating the reported procedure no fluorescence pattern was observed. Even with modification of variables such as reaction times, concentrations of monosaccharides used, a variety of rich and minimal media, a variety of clicked dyes and attempted labelling in B. subtilis and E. coli, the labelling is inefficient, requires extended labelling times and yet gives very poor results.
Due to the lack of specificity in labelling the cell wall, the click monosaccharide over 24 hours acts as a cell wall stain rather than a specific probe. To determine the presence of any click-monosaccharide in peptidoglycan over presence in glycoproteins, WTAs or intracellular labelling the bacteria could be broken into sacculi, purified and investigated using mass spectrometry.

[bookmark: _Toc490820865][bookmark: _Toc509909899]Chapter 4: Use of FDAAs to investigate Peptidoglycan Biosynthesis in S. aureus
This work was carried out in collaboration with Victoria Lund and Christa Walther (STORM microscopy).
[bookmark: _Toc490815619][bookmark: _Toc490820866][bookmark: _Toc509909900]4.1	Introduction
[bookmark: _Toc491417197][bookmark: _Toc509909901]4.1.1	Fluorescent D-amino acids
The current understanding of peptidoglycan architecture and dynamics has been limited by the ability to visualise the biosynthetic process. There has been a depth of research into the use of molecular probes to study biological processes. Different sites in peptidoglycan suitable for manipulation or the addition of a molecular probe have previously been discussed in Chapter 3. 
Gram-positive bacteria have a thick cell wall containing peptidoglycan, the presence of D-amino acids in this cell wall allows us a target site for specific labelling of new cell wall material. Peptidoglycan incorporates a peptide side chain on the polysaccharide backbone containing typically 2-3 non-proteinogenic amino acids per monomer unit; D-alanine and D-glutamic acid specifically in S. aureus. As D-alanine is exclusively present in peptidoglycan and in cell wall teichoic acids, this amino acid is therefore an excellent target to utilise as a molecular probe. Previous work by Kuru, Cava and Van Nieuwenhze has explored the insertion of modified D-alanine derivatives to fluorescent probes of fluorescent handles in a variety of bacteria.117,121,122
The incorporation of several D-alanine bound dyes and D-aza-alanine, a clickable D-alanine derivative (Figure 31A), into peptidoglycan during growth was attempted in S. aureus wild type. There are several components of peptidoglycan that could be used as receptor sites, including a terminal amino acid on the peptidoglycan peptide side chains, and the non-reducing end terminus on the polysaccharide backbone.4,99 A D-amino acid ligated to a fluorescent probe has allowed the dynamics of specifically labelled new peptidoglycan to be studied in vivo.9 Taxonomically diverse bacteria show a remarkable tolerance to incorporation of substituted D-amino acids such as HADA bound by a peptide bond to the terminal D-alanine (Figure 31B). 117

[bookmark: _Ref455584962][bookmark: _Toc491165546]Figure 31. A fluorescent dye or click handle attached to D-alanine bound to a peptide chain on the polysaccharide backbone of peptidoglycan in S. aureus. A) D-aza-ala, B) HADA.
Currently there is no methodical relationship between the structural features of different FDAAs, such as charge, size or polarity, and the efficiency of incorporation into peptidoglycan.
[bookmark: _Toc491417198][bookmark: _Toc509909902]4.1.2	Biosynthesis and incorporation of D-alanine 
Bacteria generate the D-amino acids by specific amino acid racemases, alanine racemases are abundant in bacteria however extremely rare in eukaryotes with few exceptions.123 D-amino acids are not attainable from the environment and thus D-amino acids are not prevalent in the bacterial cytoplasm.124 The rarity of D-amino acids and the promiscuous nature of enzymes that incorporate D-amino acids (MurF, Ddl), have led many bacteria to be able to incorporate different D-amino acids to those usually found present in the cell.125–127 Multiple bacteria have obtained antibiotic resistance by incorporating D-alanine-D-serine, D-alanine-D-lactic acid instead of D-alanine-D-alanine as the terminal dipeptide unit on the pentapeptide side chain.127 This prevents the binding of antibiotics such as vancomycin which bind directly to the terminal D-alanine-D-alanine dipeptide and sterically block both transpeptidation and transglycosylation of peptidoglycan. Prevention of peptidoglycan from forming cross-links between the pentapeptide sidechains leads to loss of rigidity in the cell wall and can lead to osmotic lysis.128,129 The introduction of analogous D-amino acid dipeptides has led to antibiotic resistance strains such as vancomycin-resistant S. aureus (VRSA) or methicillin-resistant S. aureus (MRSA).130
[bookmark: _Toc491417199][bookmark: _Toc509909903]4.2	Synthesis of Fluorescent D-Amino Acids (FDAAs)
There are multiple reported syntheses of commercially available dyes to D-alanine mimics, the majority of dyes are available as NHS esters allowing a wide variety of functionalization to be added (Figure 32). Dyes such as 2-amino-3-[(7-hydroxy-3-coumarinyl)carbonylamino]propionic acid (HADA) (Scheme 1, 3) are structural analogues of D-alanine. Other modified D-amino acids include a fluorescent dye based on benzofurazans, 7-nitro-4-amino-2,​1,​3-​benzothiadiazole-D-alanine (SADA) and 7-​nitro-​4-aminobenzofurazan-D-alanine (NADA) (Figure 32).  

[bookmark: _Ref466551835][bookmark: _Ref466551828][bookmark: _Toc491165547]Figure 32. Synthesised fluorescent D-amino acids. A) D-aza-ala-D-alanine, B) NADA, C) SADA, D) HADA and E) TADA. See Chapter 7 for full synthetic procedure.
It is highly desirable to have a variety of dyes with a range of wavelengths of excitation (λEx) and wavelengths of emission (λEm) across the whole visual spectrum, to enable multi-colour labelling with an assembly of dyes. 

[bookmark: _Ref466896082][bookmark: _Ref466896073]Scheme 1. Synthesis of HADA [(R)-2-Amino-3-[(7-hydroxy-3-coumarinyl) carbonylamino] propionic acid] i) 4, NEt3, DCM, rt, 18 hrs, ii) TFA/DCM (1:1), rt, 30 min.
The 3-arylcoumarin dye (Scheme 1, 3) was previously synthesised by Van Nieuwenhze via acylation of protected D-alanine derivative in DMF and carbonyldiimidazole (CDI), with N-hydroxysuccinimide, followed by deprotection in TFA/DCM and HPLC purification.131 However using the same starting materials with a cheaper triethylamine base, in place of the coupling reagent, in dry DCM gave the Boc-protected HADA is synthesised in good yield after recrystallization (Scheme 1, 2). With a quantitative deprotection in a 1:1 TFA/DCM proceeding cleanly to form a HADA TFA salt on a much larger scale than previously reported and without time-consuming purification steps. THADA was synthesised following a similar synthetic method, however it required a time-consuming HPLC purification see Chapter 7. NADA and SADA were kindly provided by the Jones group.
An example of modified D-alanine, which can subsequently be ligated to a fluorescent moiety is D-aza-alanine as this includes an azide (N3) group. A click reaction is the ligation of an azide and an alkyne via a intermolecular cyclization to form a triazole ring.132 A fluorescent dye can be ligated to D-aza-alanine either before addition to the bacteria or onto fixed bacterial cells already containing D-aza-alanine. A copper catalyst is usually required as a catalyst for the click reaction, however copper can be toxic thus this is not a suitable method to label live cells. Recent non-copper conditions have been developed with strain-promoted 1,3-dipolar cycloaddition using cyclooctynes, such as dibenzocyclooctyne (DIBO). Cyclooctynes typically remain chemically inert except in the presence of an azide when they undergo a cyclization to form stable, biocompatible complexes under biological conditions.
[bookmark: _Toc491417200][bookmark: _Toc509909904]4.3	Labelling of S. aureus Peptidoglycan using FDAAs
Modified D-amino acids can be added to growing SH1000 (S. aureus wild type) allowing the fluorescent dye to be incorporated into newly synthesised peptidoglycan. Previous hypotheses on the peptidoglycan biosynthesis pathway have expected that newly synthesised peptidoglycan is only present at the septum of a dividing S. aureus cell.12 This would then follow that the fluorescent dye bound to modified D-amino acids will only incorporate and fluoresce at the septum of the dividing cell. FDAAs are incorporated into bacterial cultures during the exponential growth phase in a suitable media for a set time window. This technique can be used to show short pulse labelling of 1 minute, 5 minutes, 30 minutes etc. of peptidoglycan synthesis across the population. The cells can then be fixed, or imaged as live cells, using a widefield microscope with a variety of fluorescent filters.
[bookmark: _Toc509909905]4.3.1	FDAA Labelled S. aureus
In this work fixed cells were labelled with the synthesised fluorescent probes (Figure 32) over a fixed time window to visualise time specific peptidoglycan growth. Synthesised FDAAs were incorporated into growing bacteria at 37 °C in media for 30 minutes at an overall concentration of 1 μM. After which the cells were fixed with p-formaldehyde in PBS, copper clicked with Alexa Fluor 647® alkyne for 30 minutes, washed with PBS and imaged using epi-fluorescence microscopy.
A variety of different fluorophores were used for their different fluorescent properties, for instance HADA and SADA have a similar excitation wavelength (λEx) and emission wavelength (λEm), when imaged using epi-fluorescence microscopy a 4′,6-diamidino-2-phenylindole (DAPI) filter set  at 525/ 36 nm was used. NADA has a shorter extinction and emission wavelength and is visualized using a FITC filter at 455/ 50 nm. In contrast TADA and Alexa Fluor™ 647 have much longer excitation and emission wavelengths and are imaged with Texas Red and Cyanine 5 filter sets respectively (Error! Reference source not found.). 
[image: ]
Figure 33. S. aureus labelled with FDAAs for 30 minutes. S. aureus (SH1000) samples were labelled for 30 minutes in BHI with a variety of FDAAs (HADA, NADA, SADA, THADA) fixed and imaged by Epi-fluorescence microscopy. Scale bar 5 µm.
[image: ]
Figure 34. S. aureus labelled with peptidoglycan stains for 30 minutes. S. aureus (SH1000) samples were labelled for 30 minutes in BHI with Vancomycin ligated to Alexa Fluor™ 647, with Vancomycin ligated to Alexa Fluor™ 532 and Alexa Fluor™ 532 NHS-ester fixed and imaged by Epi-fluorescence microscopy. Scale bar 5 µm.

Fixed S. aureus cells when labelled with FDDAs showed a consistent labelling pattern: the division septum is strongly fluorescently labelled, however there is also off-septal labelling of peptidoglycan around the cell (Error! Reference source not found.). It has previously been thought that all new peptidoglycan in synthesised only at the septal plate of two new cells, off-septal labelling suggests new peptidoglycan is being incorporated around the whole of the cell including the mature cell wall. However it has yet to be determined beyond doubt if the fluorescent dyes are only labelling newly synthesised peptidoglycan.
[bookmark: _Toc509909906]4.3.2	Vancomycin Labelled S. aureus
Peptidoglycan can be labelled with fluorescent ligated vancomycin, which binds to the terminal D-ala-D-alanine residues present in the cell wall thus acting as cell wall stain for all peptidoglycan present. In this work S. aureus SH1000 cells were labelled with vancomycin 647 and vancomycin 532 at 37 °C in media for 30 minutes at an overall concentration of 1 μM. The cells were visualised using epi-fluorescence microscopy a similar labelling pattern of a bright septum and off-septal labelling can be seen (Figure 34). The addition of an N-hydroxysuccinimide-ester 532 dye (532NHS-ester) gave a similar labelling pattern (Figure 34); an NHS-ester dye acted as a cell stain, the NHS ester may react with any free primary amines present in the cell wall effectively staining all peptidoglycan (Error! Reference source not found.). Both of these dyes can be used alongside an FDAA to show comparative staining of new and old peptidoglycan.
[bookmark: _Toc491417201][bookmark: _Toc509909907]4.3.3	Post-clicked or Pre-clicked probes
Several alkyne click dyes such as Alexa Fluor™ 647, Cyanine 5 and TAMRA were added to bacteria labelled with D-aza-alanine after fixation of the cells, these are post-clicked cells. The order of the addition of the amino acid and the click reaction is important for cell labelling. Alexa Fluor™ 647, Cyanine 5 and TAMRA alkyne were ligated with a copper catalyst to D-aza-alanine prior to incorporation into S. aureus wild type during the exponential growth phase, these are pre-clicked probes. The post-clicked S. aureus wild type showed strong fluorescence at the septum but also off-septal labelling around the whole cell (data not shown), however pre-clicked fluorescent probes  showed no fluorescence when imaged (data not shown). 
This result suggested that due to the chemical and physical properties of the dyes, the modified D-alanine attached to cyanine based dyes are unable to cross the cytoplasmic membrane of live S. aureus. The dyes may be seen as too large, too bulky or too highly charged to cross the cell membrane, further research into the physical properties of FDAAs which are able to label live cells is required.
[bookmark: _Toc491417202][bookmark: _Toc509909908]4.3.4	Methods of FDAAs insertion into the peptidoglycan biosynthetic pathway
There are two possible mechanisms of insertion of D-amino acids into peptidoglycan these include periplasmic exchange of amino acids within existing peptidoglycan associated with penicillin binding proteins (PBPs). The second insertion mechanism is in the synthesis of new peptidoglycan material following the Mur Pathway.  It was currently unknown which of these pathways may lead to the incorporation of fluorescent D-amino acids into the peripheral cell wall.
[image: ]
[bookmark: _Ref489604580][bookmark: _Toc491165550]Figure 35. D-Alanine-D-alanine synthesis in S. aureus, followed by insertion into peptidoglycan following the biosynthetic pathway.
In the initial stage of transpeptidation the glycine linker on Lipid II is formed in the cytoplasm before the peptidoglycan monomer unit is ‘flipped’ into the periplasm (Figure 35). Here the Lipid II monomer undergoes transglycosylation to form the repeating disaccharide backbone. Within the periplasm, penicillin binding proteins will bind to the terminal D-ala-D-alanine dipeptide on the donor pentapeptide stem and the dipeptide is cleaved. The energy for transpeptidation is gained from the cleavage of the D-ala-D-alanine bond on the pentapeptide and the subsequent enzyme-substrate intermediate formed.11 It is unknown if during the enzyme-substrate intermediate formation a D-amino acid exchange may take place, incorporating new D-amino acids.
In the second stage, the transfer of the final glycine on the cross-bridge, attached to an acceptor peptide stem, will form a peptide bond with the penultimate D-alanine on the peptide stem.11 These cross-links provide peptidoglycan with its strength, rigidity and ability to withstand changes in osmotic pressure. 
[bookmark: _Toc491417203][bookmark: _Toc509909909]4.4	Roles of Penicillin Binding Proteins in S. aureus and their Role in FDAA Labelling 
[bookmark: _Toc491417204][bookmark: _Toc509909910]4.4.1	Penicillin Binding Proteins (PBPs)
The four PBPs in S. aureus have shown the ability to cross-bridge glycan strands, this transpeptidase activity occurs at the C-terminal domain.11 This domain is targeted by β-lactam antibiotics, the four-membered β-lactam ring mimics the D-ala-D-alanine pentapeptide terminus thus blocking its transpeptidase activity.133 Methicillin resistant S. aureus (MRSA) has acquired an additional penicillin binding protein, Pbp2a, that is resistant to β-lactam based antibiotics as the essential Pbp2 is compromised, Pbp2a has a low affinity to B-lactam antibiotics.28
The cross-bridge in S. aureus is a five glycine unit linker, this is flexible enough to allow crosslinking from different layers of peptidoglycan and therefore an increased degree of crosslinking of up to 90% can occur.11 In B. subtilis and E. coli both the two terminal D-alanines, if not involved in crosslinking, are cleaved during transpeptidation, however in S. aureus these are not both cleaved due to the low activity or lack of DD-carboxypeptidases. Low molecular weight (LMW) PBPs can act as monofunctional DD-carboxypeptidases, they can control the extent of cross-linking by cleaving the terminal D-ala-D-alanine dipeptide. The only LMW PBP in S. aureus is Pbp4.134,135
The presence of off-septal FDAA labelling was suggested to be an artefact of PBPs having instigated periplasmic exchange of amino acids. In order to probe the role of PBPs it is possible to mutate Pbp3 and Pbp4, however Pbp1 and Pbp2 are both essential.
[bookmark: _Toc491417205][bookmark: _Toc509909911]4.4.2	PBP mutants
Mutations in the S. aureus JE2 background mutants, from the Nebraska Transposon Mutant Library, with either Pbp3 or Pbp4 lacking were selected (Error! Reference source not found.).136 S. aureus mutants JE2, JE2 (pbp3) and JE2 (pbp4), were grown to exponential phase in media at 37 °C, THADA and HADA were incorporated individually for 30 mins at an overall concentration of 500 μM. The cells were fixed, washed with PBS to remove any remaining free dye and imaged using epi-fluorescence microscopy (Figure 36 & Supplementary Figure 6). 
[image: ]
[bookmark: _Ref378272148]Figure 36. Testing HADA incorporation into S. aureus [JE2 wild-type, JE2 (pbp3) and JE2 (pbp4)], A) Images shown analysed at the same brightness and contrast B) images with increased brightness and contrast in FIJI. S. aureus [JE2, JE2 (pbp3) and JE2 (pbp4)] samples were labelled with an overall concentration 500 µM for 30 minutes in BHI and fixed before analysis by Epi-fluorescence microscopy. Scale bar 5 µm.
S. aureus JE2 wildtype has the same labelling pattern as S. aureus SH1000 wildtype with bright septal labelling and dimmer off-septal labelling. When the PBP mutants were first analysed with FIJI all at the same brightness it initially seemed that only the septa showed fluorescence (Figure 36A). It appeared the lack of Pbp3 or Pbp4 led to apparent reduced levels of labelling compared to their parent strain. 
It a has been discussed by Monteiro et al. that Pbp4 is responsible for off-septal labelling in S. aureus, within S. aureus COL (pbp4) they observed a significant reduction in fluorescence D-amino acid labelling in the peripheral cell wall when analysed using SIM microscopy.32 Due to the bright contrast of septal labelling compared to off-septal labelling it appears JE2 (pbp4) only labels nascent peptidoglycan at the septum. However we observed that upon increasing brightness in the analysis software off-septal labelling is still visible in both JE2 (pbp3) and JE2 (pbp4) (Figure 36B). 
Using different Imaging analysis techniques discussed in 4.4.2.1. it appears the overall cell fluorescence which is diminished by approximately 50% (Figure 37), however the percentage of off-septal labelling can be calculated to be as much as 50% (Figure 38). Nearly half of all the fluorescent D-amino acid is incorporated into the existing cell wall rather than at the septum in all S. aureus mutants JE2, JE2 (pbp3) and JE2 (pbp4). This leads to the assumption that Pbp3 and Pbp4 transpeptidation proteins are responsible for the insertion of a large proportion of D-amino acid analogues rather than at a specific location.
[bookmark: _Toc491417206][bookmark: _Toc509909912]4.4.2.1 Imaging data analysis methods
There are multiple different methods by which fluorescent images can be utilized to obtain quantifiable data dependent upon which information is required. One technique is to calculate the fluorescence intensity per micron of the bacteria, fluorescence intensity is calculated using FIJI an ImageJ processing software.

To calculate fluorescence intensity, firstly a threshold selection of all the fluorescent bacteria was created in FIJI (imageJ) and subsequently the background fluorescence is subtracted. This gave the average brightness of all the cells in the image (Figure 37). A second threshold selection was created for the bright fluorescent septum and then compared to the total cell fluorescence. This gave the percentage of off septa labelling however if there is not a bright enough contrast between the septum and the whole cell then this would be an inefficient method to use.
Another method is to calculate the correlated total cell fluorescence (CTCF) by highlighting each individual cell. This method requires manually circling whole cells and works best on individual bacteria and not those in clumps. A single fluorescence intensity value if calculated from an image containing ≥50 cells, each image is a different biological repeat. 

This method can be used to quantify off-septal labelling vs septal labelling in S. aureus JE2 wild-type, JE2 (pbp3) and JE2 (pbp4) strains (Figure 38). An additional benefit of CTCF also takes into account cell size. However due to the requirement of counting only individual cells it cannot easily be used to analyses cells in colonies, in this instance fluorescence intensity of all cells gives a more accurate description of the overall fluorescence exhibited. Each CTCF value is from a single cell, each CTCF will contain single cell values from ≥4 biological repeats.
One of the major drawbacks to both these techniques is the inability to differentiate between live dead cells and thus this may skew any data for FDAA incorporation. However both techniques can be used to give valuable information that can be used to help understand the roles of different proteins in living systems.

[image: ]
[bookmark: _Ref489369176][bookmark: _Toc491165552]Figure 37. Fluorescence intensity (counts µm-2) of HADA labelled S. aureus [JE2 wild-type, JE2 (pbp3) and JE2 (pbp4)] strain over time. S. aureus (JE2, JE2 (pbp3) and JE2 (pbp4) samples were labelled with an overall concentration 500 µM for 30 minutes in BHI and fixed before analysis by Epi-fluorescence microscopy. Plot of n≥3 biological repeats.
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[bookmark: _Ref489369184][bookmark: _Toc491165553][bookmark: _Toc491417207]Figure 38. Measuring the effect of Pbp3 and Pbp4 mutants on FDAA labelling in S. aureus JE2. S. aureus [JE2, JE2 (pbp3) and JE2 (pbp4)] samples were labelled with an overall concentration 500 µM for 30 minutes in BHI and fixed before analysis by Epi-fluorescence microscopy. A) Corrected total cell fluorescence (counts px-1 µm2) B) percentage of off-septal labelling within the cell. Cells counted from n=3 biological repeats.

[bookmark: _Toc509909913]4.5	Labelling of S. aureus with Dipeptide Analogues 
The addition of a click dipeptide over a single click amino acid is to remove the possibility of periplasmic exchange and force the incorporation of our label via the biosynthetic Mur pathway.
MurF and Ddl, the two enzymes to incorporate D-alanine, follow a ‘double sieving’ mechanism with Ddl specificity lying at the N-terminus of the D-ala-D-alanine dipeptide and MurF specificity lying at the C-terminal amino acid.91,137 In a study by Bugg et al. they studied MurF insertion of the D-alanine dipeptide, D-Cys-D-Ala dipeptide showed a 10-fold preference over D-Ala-D-Cys dipeptide onto the UDP-MurNAc-tripeptide due to MurF specificity for D-alanine at the C-terminal position.96 Therefore when synthesizing a modified D-amino acid dipeptide it is desirable to just modify the N-terminal alanine, as in the synthesis of click dipeptide to include the azide.
[bookmark: _Ref490818599]Scheme 2. i) (Boc)2O, MeCN, Na2CO3, H2O, rt, 24 hrs ii) 9, T3P, DCM, NEt3, rt, 24 hrs iii) TFA/DCM (1:1), rt, 30 min.
As shown in Scheme 2 D-aza-alanine is first Boc-protected at the amine under standard conditions, then followed by a T3P coupling reaction with tert-butyl ester-D-alanine in good yield. The resulting protected dipeptide is deprotected using trifluoroacetic acid, simultaneously removing the Boc-anhydride protecting group and the tert-butyl ester to leave the acid. The resulting TFA salt is soluble in DMSO and can be made up to a 0.1 M solution in DMSO, the click dipeptide can be used for Epi-fluorescence microscopy within S. aureus. 
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[bookmark: _Ref489456819][bookmark: _Ref489456814][bookmark: _Toc491165554]Figure 39. Testing D-aza-ala-D-alanine concentrations to determine optimal labelling conditions. S. aureus (SH1000) samples were labelled with D-aza-ala-D-alanine for 20 minutes in BHI, fixed and clicked with Alexa Fluor™ 647 before analysis by Epi-fluorescence microscopy. A) 250 µM, B) 500 µM, C) 1 mM, D) 1.5 mM, E) 2 mM, F) 2.5 mM, G) 3 mM. Scale bar 5 µm.
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[bookmark: _Ref489605666][bookmark: _Toc491165555]Figure 40. Testing D-aza-ala-D-alanine incorporation time to determine optimal labelling conditions. S. aureus (SH1000) samples were labelled with D-aza-ala-D-alanine at an overall concentration of 500 µM in BHI, fixed and clicked with Alexa Fluor™ 647 before analysis by Epi-fluorescence microscopy. A) 5 min, B) 10 min, C) 15 min, D) 20 min, E) 25 min, F) 30 min. Scale bar 5 µm.








[bookmark: OLE_LINK1]The concentration suitable for labelling S. aureus (SH1000) wild type was initially tested at 20 minutes of labelling (Figure 39), an overall concentration of 500 µM showed sufficient signal to background labelling. S. aureus (SH1000) wild type cells were then labelled at a concentration of 500 µM between 5-30 minutes with the average life cycle lasting approximately 30 minutes (Figure 40). The bacteria showed increased fluorescence of the alkyne click dye Alexa Fluor™ 647, due to continued incorporation of the dipeptide into peptidoglycan over time.
[bookmark: _Toc491417208][bookmark: _Toc509909914]4.5.1	Effect of D-cycloserine on D-amino labelling of peptidoglycan
Many glycopeptide based antibiotics such as vancomycin or teicoplanin, both currently used in the clinic as early as 1958, bind to the terminal D-ala-D-alanine dipeptide preventing transpeptidation of the pentapeptide side chain.127 Alternatively inhibiting the D-ala-D-alanine dipeptide at an earlier stage in the biosynthetic pathway has also been utilised as an antibiotic target. The addition of D-ala-D-alanine dipeptide into the biosynthetic pathway relies on two key enzymes. Alanine racemase enzyme (Alr) and D-ala-D-alanine ligase (Ddl) which are both essential for cell growth.126,138
D-cycloserine (DCS) is a cyclic amino acid, which exhibits broad-spectrum antibiotic activity, it is a structural analogue of D-alanine and naturally produced by some Streptomyces species as a suicide substrate.126,133,138 DCS acts as a dual inhibitor of both Alr and Ddl, inhibiting these two enzymes leads to cell death, however it allows the insertion of D-aza-ala-D-alanine dipeptide into peptidoglycan to be studied (Figure 41). 
[image: ]
[bookmark: _Ref487634526][bookmark: _Toc491165556]Figure 41. D-Alanine-D-alanine synthesis in the presence of D-cycloserine and the addition of D-aza-ala-D-alanine into S. aureus, this is followed by insertion of D-aza-ala-D-alanine in to peptidoglycan following the biosynthetic pathway.
As previously discussed there are two possible mechanisms for D-amino acid insertion into peptidoglycan, periplasmic exchange of the terminal D-amino acid on the side chain or via the biosynthetic pathway. The use of DCS inhibits the incorporation of single D-amino acids into the biosynthetic mur pathway. The addition of click dipeptide cannot by incorporated via periplasmic exchange. Therefore the click dipeptide D-aza-alanine-D-alanine must be incorporated via a biosynthetic route, allowing the study solely of new peptidoglycan incorporation with this molecular probe. 
Additionally the modified N-terminus D-aza-ala-D-alanine dipeptide liagtes to the Lipid I peptidoglycan monomer and incorporates the click handle at the 4th position on the peptide stem. This protects the click handle amino acid from being cleaved during transpeptidation when the terminal D-alanine can be cleaved by penicillin binding proteins.
S. aureus (SH1000) wild type cells were grown in the presence of a 10 times minimum inhibitory concentration (MIC) of D-cycloserine in BHI, a sample was removed every 5 minutes and labelled with HADA (Figure 42). The fluorescence intensity, analysed in FIJI over 3 biological repeats, showed a 50% reduction in overall fluorescence after just 5 minutes of antibiotic exposure. The fluorescence intensity diminished further after 10 minutes until it maintained a low concentration of FDAA incorporation (Figure 43). The cells are seen to increase in size and loss of defined septa is notable, the toxic effect of D-cycloserine is apparent from 15 minutes post-treatment.
S. aureus (SH1000) wild type cells were grown in the same conditions as previously described, however labelled with D-aza-ala-D-alanine (Figure 44). The overall fluorescence intensity is not reduced over the time of treatment with D-cycloserine (Figure 45). After 30 minutes, off-septal labelling is still visible with a brighter septum apparent. D-cycloserine should not inhibit D-aza-ala-D-alanine incorporation into the biosynthetic pathway, however the addition D-aza-ala-D-alanine with an overall concentration 500 µM is insufficient to recover growth (Supplementary Figure 7).
Labelling with D-aza-ala-D-alanine bypasses the possibility of periplasmic exchange and is incorporated directly into the biosynthetic pathway of peptidoglycan, in all fluorescent images both septal and off-septal labelling of the ‘mature’ peptidoglycan is evident. This leads to a new hypothesis that off-septal labelling is not attributed just to periplasmic exchange.
[image: ]
[bookmark: _Ref489605869][bookmark: _Toc491165557]Figure 42. Testing HADA incorporation time in the presence of D-cycloserine. S. aureus (SH1000) samples were labelled with HADA at an overall concentration of 500 µM in BHI and fixed before analysis by Epi-fluorescence microscopy. Exposure to 500 µg mL-1 D-cycloserine (10x MIC) before fixation A) Control, B) 0-5 min, C) 5-10 min, D) 10-15 min, E) 15-20 min, F) 20-25 min, G) 25-30 min. Scale bar 5 µm.
[image: ]
[bookmark: _Ref489606187][bookmark: _Toc491165558]Figure 43. Fluorescence intensity of HADA labelled S. aureus over time in the presence of D-cycloserine. S. aureus (SH1000) samples were labelled with an overall concentration 500 µM for 30  in BHI with a 10 x MIC of D-cycloserine, cells were fixed before analysis by Epi-fluorescence microscopy. Plot of n=3 biological repeats.


[image: ]
[bookmark: _Ref489615872][bookmark: _Toc491165559]Figure 44. Testing D-aza-ala-D-alanine incorporation time in the presence of D-cycloserine. S. aureus (SH1000) samples were labelled with D-aza-ala-D-alanine at an overall concentration of 500 µM in BHI, fixed and clicked with Alexa Fluor™ 647 before analysis by Epi-fluorescence microscopy. Exposure to 200 µg mL-1 D-cycloserine (10x MIC) before fixing A) Control, B) 0-5 min, C) 5-10 min, D) 10-15 min, E) 15-20 min, F) 20-25 min, G) 25-30 min. Scale bar 5 µm.
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[bookmark: _Ref489616829][bookmark: _Ref489616823][bookmark: _Toc491165560]Figure 45.  Fluorescence intensity of dipeptide labelled S. aureus over time in the presence of D-cycloserine. S. aureus (SH1000) samples were labelled with an overall concentration 500 µM for 30 minutes in BHI with a 10 x MIC of D-cycloserine, cells were fixed before analysis by Epi-fluorescence microscopy. Plot of n=4 biological repeats.



[bookmark: _Toc491417209][bookmark: _Toc509909915]4.6	Super Resolution Microscopy
[bookmark: _Toc491417210][bookmark: _Toc509909916]4.6.1	Previous high resolution microscopy images of peptidoglycan
While the basic chemistry of peptidoglycan has been well documented, quantitative techniques such as NMR and mass-spectrometry allow differentiation and quantification of muropeptides of various strains and under a wide range of conditions such as antibiotic stress. A prime example is work by Patti et al., using a mixture of solid-state NMR and LC/MS to study digested peptidoglycan of Enterococcus faecium to study variations between vancomycin-resistant and wild-type strains.139 Sample preparations for MS analysis to isolate sacculi and purify muropeptides has been the main challenge, it often involves intensive chemical treatments (sodium borohydride, hydrofluoric acid, mutanolysin etc.) that may lead to chemical modifications, especially for more ‘exotic’ bacteria.140 Despite these challenges improved knowledge of the chemical composition of peptidoglycan at the molecular level underpins imaging approaches for the biosynthesis and structural construction of the cell wall.140,141
The use of fluorescent microscopy remains one of the most valuable techniques to map biochemical reactions, structural components and other biological moieties in vivo and in vitro, however the spatial resolution limit of light prevents an enormous amount of detail from being explored further. The use of super-resolution imaging techniques such as atomic force microscopy (AFM), electron microscopy (EM) and electron cryo-tomography (ECT) have all explored pushing the limits of resolution to reveal key architectural features within peptidoglycan. Various works by Turner et al. have explored the use of AFM to define glycan structure in S. aureus, defining different topologies of nascent and matured peptidoglycan (rings and knobbles) and a thickened ring of peptidoglycan (pie-crust) in perpendicular rings of division of the cell.41,54 AFM has been pushed further to explore individual polymer chains with resolution down to 3.7 Å, these revolutionary techniques can be applied to sacculi or whole cells to further study physical features of peptidoglycan.142
Scanning EM and transmission EM work by Yamada et al. showed some of the first high resolution images of S. aureus during the cell cycle while they were attempting to localized the autolytic enzyme Atl, using colloidal gold-labelled proteins and an antigen-antibody complex (Figure 46A).143 It is noted that the newly formed septum of recently divided cells appears to be planar, indicating the splitting into two daughter cells and hydrolysis into two cocci occurs as two separate stages, the data is still being corroborated by the same techniques 20 years later.32,143
[image: ]
[bookmark: _Ref491080521][bookmark: _Toc491165561]Figure 46. Published high resolution images of S. aureus A) 1996, scanning EM of S. aureus, scale bar 100nm. 143 B) 2007, cryo-TEM of S. aureus cell wall fragments, scale bar 50 nm. 144
In more recent work by Matias & Beveridge with the advance of cryo-TEM (Figure 46B), it appears that the leading edge of septal synthesis is much thinner than the lagging edge, implying a zone of synthesis is occurring from the periphery into the centre of the cell.144 The resolution achieved with AFM, SEM and cryo-TEM has provided new understanding to the dynamics of cell wall architecture, however the ability to directly visualise the peptidoglycan chemistry in situ has yet to be reached.
Recent advances in super-resolution fluorescence microscopy such as structured illumination microscopy (SIM) and stochastic optical reconstruction microscopy (STORM) and have allowed imaging at comparative scales to AFM and ECT, approximately 100 nm and 25 nm respectively.145 SIM can double the lateral resolution of standard wide-field fluorescence microscope and is compatible with a plethora of organic fluorescent dyes.145,146 However the resolution limit achievable by STORM microscopy has shown extreme potential for intricate biological imaging. Recent work by Heilemann et al. imaging microtubules and actin filaments, labelled with Cyanine dyes (including Alexa Fluor™ 647), in dSTORM has achieved resolution limits of 21 nm.145 This is a desirable tool to provide new insight into the diversity and composition of peptidoglycan in bacteria.
[bookmark: _Toc491417211][bookmark: _Toc509909917]4.6.2	STORM labelling with a click dipeptide in S. aureus
S. aureus cells were labelled for 5 minutes during exponential phase with D-aza-ala-D-alanine. When observed using epi-fluorescence microscopy a bright septum of dividing cells is apparent also with off-septal labelling present. The same samples were then prepared for STORM imaging. This requires modified slide preparation with the cells mounted on to very thin, highly uniform, poly-lysine coated cover slips, the addition of TetraSpeck nanoparticles for localization and a different buffer solution. 
STORM relies on fluorophores that have the ability to ‘blink,’ in which an organic dye can transition to the excited singlet state via absorption of a photon, the excited electron can then cross via intersystem crossing into a ‘dark’ triplet state (Figure 16). A subset of fluorophores in the sample can decay to the singlet ground state, enabling photon absorption and emission to take place for a short period before transitioning to the dark state again.147 These sparsely ‘activated’ fluorophores need to be at a greater distance than Abbe’s diffraction limit to be resolved as individual points when reconstructed. 
The blink rate for some dyes may be too fast for the rate of image capture, for example faster than 50 milliseconds per frame, buffers can be used to reduce the blinking rate to only a few blinks per frame. The presence of singlet oxygen can cause quenching of the ‘dark’ triplet state, so in order to remove singlet oxygen GLOX buffer is added, this is a mixture of glucose, glucose oxidase and catalase.148 However the use of GLOX causes some dyes to remain for too long in the ‘dark’ triplet state, reducing the blink rate to below that of required, the addition of a milder reducing agents such as a thiol mercaptoethylamine (MEA) can also be added. To improve the blinking rate of Alexa Fluor™ 647, for optimum STORM capture, a buffer containing a mixture of GLOX and MEA is required.149,150
[image: ]
[bookmark: _Ref491241450][bookmark: _Toc491165562]Figure 47. In-house STORM reconstruction of S. aureus (SH1000) samples labelled with Alexa Fluor™ 647. Cells were grown to exponential phase and labelled for 5 minutes at 37 °C in BHI D-aza-ala-D-alanine, all with an overall concentration of 10 mM. Cells were fixed and clicked Alexa Fluor™ 647 for fluorescence imaging.
[image: ]
[bookmark: _Ref491241462][bookmark: _Toc491165563]Figure 48. N-STORM image of S. aureus (SH1000) samples labelled with Alexa Fluor™ 647. Cells were grown to exponential phase and labelled for 5 minutes at 37 °C in BHI D-aza-ala-D-alanine, all with an overall concentration of 10 mM. Cells were fixed and clicked Alexa Fluor™ 647 for fluorescence imaging. Scale bar 1 µm.
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[bookmark: _Ref492732662]Figure 49. STORM image of S. aureus (SH1000) samples were labelled with Alexa Fluor™ 647. Cells were grown to exponential phase and labelled for 5 minutes at 37 °C in BHI D-aza-ala-D-alanine, all with an overall concentration of 10 mM. Cells were fixed and clicked Alexa Fluor™ 647 for fluorescence imaging. Scale bar 1 µm.
[image: ]
[bookmark: _Ref492732663]Figure 50. STORM image of S. aureus (SH1000) samples were labelled with Alexa Fluor™ 647. Cells were grown to exponential phase and labelled for 5 minutes at 37 °C in BHI D-aza-ala-D-alanine, all with an overall concentration of 10 mM. Cells were fixed and clicked Alexa Fluor™ 647 for fluorescence imaging. Scale bar 1 µm.




The second optimisation is the choice of STORM apparatus, initial experiments were carried out on a custom built STORM microscope and the reconstruction was completed using and in-house MatLab algorithm (Figure 47). The latter experiments were completed on a new Nikon N-STORM microscope, which uses a Nikon's Eclipse Ti research inverted microscope with an EM-CCD camera and 3D capability (Figure 48). 
Images of S. aureus with 5 minute incorporation of D-aza-ala-D-alanine, labelled with Alexa Fluor™ 647, showed a fully formed gap between two daughter cells prior to daughter cell scission (Figure 49 & Figure 50). Using the N-STORM reconstruction the gap between two areas of peptidoglycan is measured at ~25 nm ([image: ]
Figure 51A). The septum maybe formed as two separate entities within the mother cell wall prior to splitting. 
It has been previously proposed that peptidoglycan synthesis, during septum formation, occurs primarily at the leading edge. However STORM reveals that synthesis is more of a zone across the septum ([image: ]
Figure 51B). The cells shown still have not completed septum formation as a distinct annulus can be seen in the 3D rendering. Thus synthesis does not appear to be at a single focus but rather in as a broad band across the septum. Cell wall synthesis is proposed to act in a gradated zone of synthesis, from the leading edge but also across the growing area of the septal plate.
The presence of off-septal labelling is noted in all super-resolution images, indicating the off-septal insertion of FDAAs is not an artefact consigned to diffraction limited microscopy.




[image: ][image: ]A

[image: ][image: ]B

[bookmark: _Ref491096566][bookmark: _Toc491165564][image: ]
Figure 51. STORM microscopy images of S. aureus (SH1000), labelled with Alexa Fluor™ 647. Cells were grown to exponential phase and labelled for 5 minutes at 37 °C in BHI D-aza-ala (ADA), all with an overall concentration of 10 mM. Cells were fixed and clicked Alexa Fluor™ 647 for fluorescence imaging. Scale bar 500 nm. Experiment performed with Dr V. Lund. C) & D) Cartoon representations of cells dividing.
[bookmark: _Toc491417212][bookmark: _Toc509909918]4.7	Discussion
[bookmark: _Toc491417213][bookmark: _Toc509909919]4.7.1	FDAA labelling
There is an ever expanding library of biorthogonal fluorescent probes suitable for labelling and visually tracking cell wall biosynthesis and dynamics within a variety of Gram-negative and Gram-positive bacteria.117,131,151 One remaining challenge is to better understand the effect of the charge, conformation and size of FDAAs as to their labelling ability. Recent work by Hsu et al. has reviewed such features as photostability, thermostability and water solubility of many commonly used FDAAs used to label peptidoglycan.151 

[bookmark: _Ref492733380]Figure 52. Chemical structure of tetramethylrhodamine based FDAAs A) THADA, B) TAMRA-alkyne clicked to D-aza-alanine.
The incorporation of a ‘pre-Clicked’ D-aza-alanine to Cyanine 5 alkyne, Alexa Fluor™ 647 alkyne and TAMRA alkyne into S. aureus was unsuccessful. However THADA, a structural analogue of ‘pre-Clicked’ TAMRA (Figure 52), can be incorporated by the cell wall synthesis pathway. The discrepancy this may be due to an excess of copper catalyst from the click reaction having a cytotoxic effect on labelling. Ideally a wider study of the properties or conditions required for FDAAs ability to pass across the cell membrane into the cytoplasm may be explored.
[bookmark: _Toc491417214][bookmark: _Toc509909920]4.7.2	Peptidoglycan synthesis
There are two main routes for the incorporation of FDAAs into peptidoglycan. One is through periplasmic exchange of new D-amino acids on the pentapeptide side chain of existing peptidoglycan in the periplasm. Alternatively incorporation can occur through the biosynthetic pathway in the cytoplasm. D-cycloserine inhibits two stages of D-amino acid addition on to the muropeptide pentapeptide stem, alanine racemase (Alr) and D-ala-D-alanine ligase (Ddl). The addition of a single FDAA would be prevented by D-cycloserine from forming the required dipeptide and inserting into the cytoplasmic synthesis pathway. FDAA labelling S. aureus with HADA is reduced, however not removed, by the addition of D-cycloserine suggesting HADA incorporation occurs via both periplasmic exchange and cytoplasmic synthesis. 
Conversely labelling S. aureus with D-aza-ala-D-alanine is not inhibited by the addition D-cycloserine suggesting the dipeptide incorporation occurs only through cytoplasmic synthesis. Both labelling methods are useful for localising peptidoglycan synthesis and have led to a new hypothesis that the presence of off-septal labelling is not attributed solely to periplasmic exchange.
[bookmark: _Toc491417215][bookmark: _Toc509909921]4.7.2.1		The role of Pbp3 and Pbp4
The role of PBPs in S. aureus has been of high importance, the four PBPs offer both transpeptidation and transglycosylation roles between them. Transpeptidation inhibited by β-lactam based antibiotics, with the ring strained β-lactam mimicking D-ala-D-alanine. The β-lactam binds within the active site of PBPs to form an irreversible penicilloyl-β-lactam intermediate.152 With ever increasing antibiotic resistant S. aureus strains, for instance the presence methicillin-resistant S. aureus which has acquired penicillin binding protein Pbp2a, a better understanding of the role and selectivity of PBPs is required.153
Pbp1 and Pbp2 are both essential for cell growth and proliferation. Mutants lacking Pbp3 and Pbp4 can both be selected for, in a variety of strains of S. aureus, for example in COL, JE2 and SH1000 backgrounds; in SH1000 a double mutant SH1000 (pbp3pbp4) was isolated. This had led to interest in the role of these two proteins and their functionality, once removed. Strains lacking Pbp3 and Pbp4 mutants when labelled with FDAAs showed significantly reduced overall fluorescence, this leads to the assumption that Pbp3 and Pbp4 transpeptidases are responsible for the insertion of a large proportion of D-amino acid analogues. They may lack the same D-amino acid specificity at the protein active site compared to Pbp1 and Pbp2.  
Despite reduced overall fluorescence in both the Pbp3 and Pbp4 mutants, the ratio of off-septal to septal labelling was not affected inferring off-septal labelling is not dependant on these non-essential proteins.  This is converse to the work by Monteiro et al. in which they found COL (pbp4) lacked peripheral cell wall labelling, however it appeared peripheral labelling was recovered upon complementation with a Pbp4 encoded plasmid.32 Pbp4 has also been shown to have a role in cell elongation. COL (pbp4) mutants showed an extended time in cell growth prior to septation and ultimately resulted in smaller cells, suggesting new roles for PBPs away from the septal synthesis.
[bookmark: _Toc491417216][bookmark: _Toc509909922]4.7.2.2		New models for cell division using super-resolution microscopy
Initial models of peptidoglycan synthesis in S. aureus have made the presumption that the majority of synthesis occurs only at the septum. The subsequent cell re-shaping and increase in volume occurs via a change in structure of the septal peptidoglycan. However the use of super resolution microscopy has revealed intricate and novel features of peptidoglycan insertion and architecture in S. aureus. 
A combination of STORM and previously published cryo-EM has highlighted that peptidoglycan insertion appears to occur as a gradient of synthesis, the leading edge of synthesis is followed by a lagging zone of insertion into the septal plate (Figure 46B & Figure 53).144 
After the septal plate has formed, it is followed by an elongation phase in which the cocci reshapes to a prolate spheroid (Figure 54).32,36,41 It is presumed the septa must thicken prior to division, as each hemi-spherical daughter cell must receive half the septum as a new cell wall. The septum appears to split into two separate parallel entities prior to daughter cell separation. The septa may still exist as a single entity, where by peptidoglycan insertion can only occur at the edge of the septal plate as the central septal plate of peptidoglycan is now inaccessible by the divisome. In converse work by Zhou et al. scanning EM images appear to show the septum exists as two separate entities before division into two separate hemi-spherical daughter cells form prior to cell volume expansion (Figure 54).36
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[bookmark: _Ref491263138]Figure 53. Schematic of zoned nascent peptidoglycan insertion across the septal plate in S. aureus.
The daughter cell splitting seen as a ‘popping’ event occurs at a millisecond time-scale showing a reliance on a mechanical cleavage rather than entirely on an enzymatic cleavage.29,36 This mechanical crack propagation occurs from perforations at the peripheral ring due to either mechanical stress or hydrolase activity or a mixture, the mother cell does not fully cleave leaving daughter cells adjoined in a hinge-like manner.29,36 The two hemi-spherical daughter cells then increase in cell volume and vary in cell shape to reform the cocci nature, the change in shape has not yet been attributed to a mechanism such as hydrolysis or peptidoglycan synthesis.
The use of FDAA labelling has shown the consistent presence of off-septal labelling. This is not attributed solely to Pbp3 or Pbp4. However the reduction in overall labelling in JE2 (pbp3) and JE2 (pbp4) does suggest the insertion of peripheral cell wall occurs via the same peptidoglycan synthesis machinery as the septal synthesis. That is not to conclude additional proteins are not involved. 

[image: ]
[bookmark: _Ref491253400]Figure 54. New representation of S. aureus division A) localisation of division machinery, B) formation of the septal plate, C) period of cell elongation, D) separation of daughter cells, E) cell hydrolysis into two daughter cells.
Insertion in the peripheral cell wall occurs alongside the insertion of septal peptidoglycan as well as throughout the rest of the cell cycle. Steele et al. localized EzrA a member of cell division machinery alongside FDAAs with diffraction limited microscopy in S. aureus, however localization of the cell divisome has further to be explored using super-resolution microscopy techniques such as STORM.23 One of the major benefits to optical microscopy is the ability to image living cells providing information on cell growth and division in real-time, combining this with super-resolution techniques such as scanning EM or AFM could provide an amplified level of detail about peptidoglycan biosynthesis.36 
[bookmark: _Toc509909923][bookmark: _Toc491426084][bookmark: _Toc491426125]
Chapter 5: Strategies to prepare new FDAAs and the effects of labelling S. aureus
[bookmark: _Toc492995757][bookmark: _Toc491426057][bookmark: _Toc491426085][bookmark: _Toc491426126][bookmark: _Toc491426159][bookmark: _Toc491426202][bookmark: _Toc509909924]5.1 Introduction
Since the late 1990’s the use of non-proteinogenic D-amino acids to study protein function has been well documented, with the first incorporation of click D-aza-alanine in the early 2000’s.154–157 Fluorescent D-amino Acids (FDAAs) have been extensively used in biological labelling, they have allowed fluorescent imaging of peptidoglycan synthesis with minimal perturbation of the biosynthetic pathway. There is an ever-growing variety of different fluorophores with a spectrum of different emission wavelengths including HADA, YADA, THADA and BADA (Figure 55). FDAAs have been used to map peptidoglycan growth in a variety of Gram-positive bacteria.158  

[bookmark: _Ref492570707]Figure 55. A variety of different FDAAs used to label S. aureus, peptide bonds highlighted in blue.131,151
The synthesis of many fluorophores includes formation a peptide bond between the amino acid and the fluorophore. For this purpose many of these dyes can be purchased at NHS-esters and reacted with Boc-D-lysine under basic conditions.131,151
The presence of unnatural amino acids does not appear to affect ability for penicillin binding proteins (PBPs) to undergo transpeptidation and transglycosylation, this is an area of research for many groups. FDAA research has been focused on expanding the array of fluorophore designs based on their photophysical properties and their route of incorporation i.e. periplasmic exchange via PBPs or by a biosynthetic pathway. However there has been a lack of research investigating how variations of the side chain such as charge, size or polarity affect FDAA incorporation efficiency. It has previously been noted that some fluorophores ‘pre-clicked’ to D-aza-alanine were unable to incorporate into growing S. aureus (Chapter 4), however the same fluorophore can be used to click to already incorporated D-aza-alanine in fixed samples. What effect does the size, charge or ligation of the FDAA have on addition onto nascent peptidoglycan and its cell synthesis machinery? This work looks at the variation of linker length between the amino acid and the click handle and its effect on efficient labelling of peptidoglycan in S. aureus. Alongside the effect of an amino acid linker between the fluorescent moiety and the amino acid as an FDAA in S. aureus has been explored.
[bookmark: _Toc492995758][bookmark: _Toc491426058][bookmark: _Toc491426086][bookmark: _Toc491426127][bookmark: _Toc491426160][bookmark: _Toc491426203][bookmark: _Toc509909925]5.2	The Effect of Peptide Linkage in FDAA Labelling of S. aureus
It was questioned if the removal of the peptide linker between a fluorophore and an amino acid would have any significance on the labelling efficiency of a FDAA.
[bookmark: _Toc492995759][bookmark: _Toc491426059][bookmark: _Toc491426087][bookmark: _Toc491426128][bookmark: _Toc491426161][bookmark: _Toc491426204][bookmark: _Toc509909926]5.2.1	Synthesis of coumarin FDAAs
COUM and HADA both have similar structures and photophysical properties (Figure 56), however it was questioned whether they would have similar labelling properties in S. aureus. HADA is a coumarin dye substituted at the 3-position, and the adjacent peptide bond may have a direct effect on the electronics of the fluorophore. However this is not the case with the COUM dye which is substituted at the 4-position with an alkyl chain. A previous attempt was made to synthesise a carbon-carbon linked coumarin amino acid. However a recently published two-step synthesis of L-(7-hydroxycoumarin-4-yl) ethylglycine, with the coumarin substituted at the 4-position, was easily adopted to give the opposite stereoisomer.159 HADA was synthesised as previously described in Chapter 4.


[bookmark: _Ref492902661]Figure 56. Chemical structure of A) HADA and B) COUM
N-Cbz-D-glutamic acid α-benzyl ester 10 was converted to the β-ketoester 11 by activation of the acid with carbonyldiimidazole (CDI) followed by condensation with magnesium monoethylmalonate (Scheme 3). Separately potassium ethylmalonate 14 was mixed in THF with magnesium dichloride to form fresh magnesium monoethylmalonate; previous optimisation by Koopmans et al. saw the use of fresh magnesium monoethylmalonate greatly enhanced the yield.159

[bookmark: _Ref491432375]Scheme 3. Synthesis of COUM i) 13, THF, rt, 90 minutes ii) 14, MgCl2, rt, 14 hrs iii) 15, MsOH, 0°C to rt, 3 hrs.
The β-ketoester 11 undergoes a von Pechmann condensation in the presence of resorcinol 15 in methanesulfonic acid to give the desired coumarin 12 in a good yield. The COUM amino acid 12 required careful purification; it was first acidified and extracted into the organic layer before the pH was carefully adjusted to 3.5, the solution was left to precipitate over 2 days at 4 °C before collection by vacuum filtration. The collected pink solid was highly insoluble in both non-polar and polar solvent alike. The COUM was solubilised in a 1:1 mixture of dichloromethane and trifluoroacetic acid (TFA) to form an orange D-(7-hydroxycoumarin-4-yl) ethylglycine TFA salt that was soluble in in a variety of polar solvents and collection of the required analytical data was possible.
[bookmark: _Toc492995760][bookmark: _Toc491426060][bookmark: _Toc491426088][bookmark: _Toc491426129][bookmark: _Toc491426162][bookmark: _Toc491426205][bookmark: _Toc509909927]5.2.2	Labelling in S. aureus with coumarin FDAAs
Both HADA and COUM were incorporated into S. aureus culture during the exponential growth over a variety of growth times before fixation of the cells and analysis using Epi-fluorescence widefield microscopy (Figure 61 & Figure 62Figure 58). Both fluorescent probes are adjusted to 0.1 molar concentrations in DMSO and added to S. aureus in rich growth media at an overall concentration of 1 mM. In comparison to previous FDAA labelled images in Chapter 4, a similar labelling pattern was noted; a bright septal ring and the presence of off-septal labelling. The images were analysed using Fiji (imageJ) to compare changes in fluorescence intensity over time of 3 biological repeats (Figure 59). The fluorescence intensity increased over time suggesting longer labelling times leads to increased fluorescent probe incorporation into peptidoglycan.

[image: ]
[bookmark: _Ref492902990]Figure 57. Testing HADA incorporation over time. S. aureus (SH1000) samples were labelled with HADA at an overall concentration 1 mM in BHI and fixed before analysis by Epi-fluorescence microscopy. A) 5 min, B) 10 min, C) 15 min, D) 20 min, E) 30 min.

[image: ]
[bookmark: _Ref492902991]Figure 58. Testing COUM incorporation over time. S. aureus (SH1000) samples were labelled with COUM at an overall concentration 1 mM in BHI and fixed before analysis by Epi-fluorescence microscopy. A) 5 min, B) 10 min, C) 15 min, D) 20 min, E) 30 min.



[image: ]
[bookmark: _Ref492994950]Figure 59. Fluorescence intensity (counts µm-2) of HADA vs COUM labelling in S. aureus over time. S. aureus (SH1000) samples were labelled with an overall concentration 1 mM for 5 to 30 minutes in BHI and fixed before analysis by Epi-fluorescence microscopy. Plot of n≥3 biological repeats.
There is a significant difference between the fluorescence intensity of HADA and COUM over time as it is incorporated into S. aureus. It may be that HADA is incorporated at a greater degree leading to this variation, however HADA and COUM are chemically different fluorophores. It is important to note both of the dyes were excited at 440 nm and there is a significant difference between the two molar extinction coefficients at this wavelength: HADA ξ440 = 168.9 M-1 cm-1 and for COUM ξ440 = 5.65 M-1 cm-1 (Supplementary Figure 10 & Supplementary Figure 11). The molar extinction coefficient denotes how strongly a dye absorbs light at any given wavelength:

The variation in fluorescence intensity may be accounted by the variation in the molar extinction coefficient and not a result of biological selectivity, however for this imaging system HADA, compared to COUM and the lack of a peptide linker, is approximately 30x more efficient as a fluorescent label for peptidoglycan.
[bookmark: _Toc492995761][bookmark: _Toc491426061][bookmark: _Toc491426089][bookmark: _Toc491426130][bookmark: _Toc491426163][bookmark: _Toc491426206][bookmark: _Toc509909928]5.3	The Effect of an Extended Linker in FDAA Labelling of S. aureus
Not all fluorescent probes in the previously discussed FDAAs are compatible for use in super-resolution microscopy, due to the specific blinking properties required of the fluorophore. Attempts to attach a suitable STORM dye, Alexa Fluor™ 647, to D-aza-alanine prior to addition to S. aureus in its exponential growth phase was unsuccessful. This could be due to the highly charged nature of the dye preventing access across the cell wall into the cytoplasmic membrane, however the cause is still undetermined. 
A previous study by Tirrell et al. used click chemistry in bacterial cell surface proteins to detect incorporation of azido-amino acids.160 They used varied chain lengths to label E. coli bacterial surfaces under a variety of catalytic copper  click conditions.160 

[bookmark: _Ref492974844]Figure 60. The chemical structures of azidoalanine, azidohomoalanine, azidonorvaline, azidonorleucine and methionine.160
A series of racemic bioorthogonal amino acids (Figure 60) were incorporated into E. coli to test different click reaction conditions with biotin-PEO-propargylamide.160  Azidohomoalanine was shown to be 10 times more efficient than each of the other click linkers. It was questioned if a similar labelling pattern would be noted in S. aureus between D-aza-alanine, D-aza-homoalanine and with a greater linker chain length.
[bookmark: _Toc492995762][bookmark: _Toc491426062][bookmark: _Toc491426090][bookmark: _Toc491426131][bookmark: _Toc491426164][bookmark: _Toc491426207][bookmark: _Toc509909929]5.3.1	Synthesis of an extended click linker
Bioorthogonal chemical ligation of an amino acid to a fluorescent moiety allows a diverse range of modified D-amino acids probes to be incorporated into biological pathways. The click amino acid D-aza-alanine can be incorporated into cell wall synthesis and followed by the addition of any choice of fluorophore after fixation of the cells. However, due to the chemical reaction taking place in a biological environment in the cell, the percentage of successful ligation of the fluorophore to the amino acid is unknown. D-Aza-alanine is incorporated into a short peptide strand on a polymeric disaccharide backbone in a thick layer of peptidoglycan, it is currently unknown how deeply the fluorescent probe can infiltrate into the cell wall. Previous studies have focused on and extended carbon chain, longer carbon chains will have an increased effect on the hydrophobicity of the compounds. It is considered that the use of a flexible PEG-linker, compounds containing PEG-chains are often more readily soluble in water and the flexible linker may disrupt-less the architecture of peptidoglycan synthesis than a rigid carbon chain.
[bookmark: _Toc492995763][bookmark: _Toc491426063][bookmark: _Toc491426091][bookmark: _Toc491426165][bookmark: _Toc491426208][bookmark: _Toc509909930]5.3.1.1 Serine derivatives
There are a variety of routes to synthesising a D-aza-alanine with an extended PEG-linker including direct additions of D-serine or D-iodoalanine (Figure 61).
[image: ]
[bookmark: _Ref492995086]Figure 61. Multiple pathways to D-aza-alanine with variable PEG linker size.
A detailed synthesis of iodoalanine was achieved by Jackson et al. and this procedure was followed achieving similar yields.161 D-Serine was protected as a methyl ester with freshly distilled thionyl chloride in methanol, followed by N-Boc protection with di-tert-butyl carbonate under basic conditions (Scheme 4). The primary alcohol was converted to an iodide to improve the electrophilicity of the adjacent carbon and improve its leaving group ability.

[bookmark: _Ref491424928]Scheme 4. i) SOCl2, MeOH, 0 oC to rt, 24 hrs ii) (Boc)2O, Et3N, MeCN, rt, 6 hrs iii) I2, PPh3, imidazole, DCM, 0 oC to rt, 3 hrs
The PEG-azide linker was synthesised by nucleophilic substitution of a halide by sodium azide, under in situ Finkelstein conditions using sodium iodide giving an almost quantitative yield (Scheme 5).

[bookmark: _Ref491424907]Scheme 5. i) NaN3, NaI, H2O, 80 °C, 20 hrs
Direct addition of 20 to D-iodoalanine under basic conditions in THF was unsuccessful, and instead formation of the alkene elimination product was observed with 79% yield (Scheme 6). β-Hydride elimination is a common side product with iodoalanine reactions involving a metal catalyst.162 Under basic conditions (trimethylamine or 10% DMAP) it has been shown β-elimination can occur with a tosylated-serine to form the dehydroamino acid.163

[bookmark: _Ref491424886]Scheme 6. i) 20, Et3N 2 eq, THF, reflux
The roles of the nucleophile and electrophile were then swapped. The leaving group capability of the alcohol on the PEG-azide was increased by the SN2 type tosylation of an alcohol under basic conditions, and proceeded in good yields upon addition of DMAP as a nucleophilic catalyst (Scheme 7).164,165 Reaction of D-serine with the tosylated PEG linker was carried out under a variety of basic conditions including an in situ Finkelstein reaction however upon purification starting material was obtained.

[bookmark: _Ref492995178]Scheme 7. i) TsCl, Et3N, DMAP, DCM, 0 °C.

[bookmark: _Ref492995199]Scheme 8. i) 22, THF, base, 3-24 hrs.
D-Serine acting as a nucleophile under all basic conditions used (Et3N, KOtBu, DIPEA, tBuNI, KI) returned starting material in all cases (Scheme 8). This may be due to the electron withdrawing effect of the methyl ester and tert-butyl carbamate reducing the electron density on the oxygen.166 However 22 may also be seen as a poor electrophile.
[bookmark: _Toc492995764][bookmark: _Toc491426064][bookmark: _Toc491426092][bookmark: _Toc491426132][bookmark: _Toc491426166][bookmark: _Toc491426209][bookmark: _Toc509909931]5.3.2	Synthesis of an extended linker with chiral templates
Use of a glycine anion equivalent combined with a chiral template could give the desired amino acid. There are a wide variety of methods to synthesise glycine derivatives or equivalents forming optically active amino acids. Several of these methods include, but are not exclusive to, bis-lactim ethers,167 Schiff base glycine anion equivalents,168 and imidazolidinones.169

[bookmark: _Ref492475599]Figure 62. Chiral templates undergoing nucleophilic addition to an alkyl halide forming a modified D-amino acid.
Each approach has strong literature precedence highlighting the positives and negatives, whether it is ease of making the starting material or product purification, therefore a variety of different routes were contemplated (Figure 62).
[bookmark: _Toc491426065][bookmark: _Toc491426093][bookmark: _Toc491426167][bookmark: _Toc491426210][bookmark: _Toc492995765][bookmark: _Toc509909932]5.3.2.1		Schiff base glycine anion equivalent
A glycine enolate metal complex first developed by Belokon et al. has been widely studied to direct asymmetric alkylation of glycine and form optically pure amino acids.168 The Schiff base glycine anion equivalent can have either a nickel or copper metal centre around which a chiral ligand will form a square planar complex with glycine.
[bookmark: _Ref492995257]Scheme 9. i) a) NaOMe, iPrOH, 40 °C, 1 hr b) BnCl, CHCl3, 40 °C,18 hrs, ii) a) SOCl2, DCM, -30 °C to -10 °C, 20 minutes b) 26, DCM -30 °C to rt 16 hrs.
The Schiff base was first synthesised by peptide coupling N-benzylated D-proline 24 with 2-aminobenzophenone 26 promoted by the addition of thionyl chloride (Scheme 9). The resulting (2R)-N-(2-benzoylphenyl)-1-benzylpyrrolidine-2-carboxamide (BPB) 25 was added with glycine to nickel (II) nitrate under basic conditions to form the Schiff base chiral complex (Scheme 10).

[bookmark: _Ref492995386]Scheme 10. i) glycine, Ni(NO3)2, KOH, MeOH, 50 °C, 1 hr, rt, 18 hrs.
The deprotonation of the Schiff base 27, with n-butyl lithium followed by addition of benzyl bromide showed 60% yield of the alkylated Schiff base and 28% return of the starting material. In contrast, deprotonation with n-butyl lithium followed by addition of tosylate-PEG-azide 22 led to degradation of material and with only a small amount of starting material recovered. The nickel complex was shown to degrade over time and purification by flash column chromatography led to degradation of the metal complex. It was contemplated an alternative chiral template may be more successful for the addition of the extended PEG-azide linker.
[bookmark: _Toc492995766][bookmark: _Toc491426066][bookmark: _Toc491426094][bookmark: _Toc491426168][bookmark: _Toc491426211][bookmark: _Toc509909933]5.3.2.2		William oxazinone
Enolate derivatization of an optically active oxazinone was first dreported by Kagan et al. using a cyclic amino acid with a bulky phenyl substituent to direct the stereochemistry of alkylation adducts.170  Optimisation by Williams et al. with the addition of two bulky phenyl substituents gave improved selectivity for kinetic alkylation anti to the phenyl rings.169 

[bookmark: _Ref492995251]Scheme 11. i) NaHMDS, THF, -100 °C.
A deprotonation study by Williams et al. found NaHMDS in THF at low temperatures gave clean deprotonation without decomposition.169 Other bases such as LDA, NaH and KOtBu resulted in decomposition of the oxazinone moiety.169 However following the literature procedure for the deprotonation of the oxazinone 28, using freshly purchased NaHMDS 1 M in THF with addition of allyl bromide 30, there were no detectable alkylation products (Scheme 11). A repeat reaction was quenched with D2O, after which only starting material was once more observed. This indicates the fault lies in the ability to successfully deprotonate the oxazinone rather than the reaction with the electrophile. Due to the difficulty in deprotonation of the oxazinone an alternative chiral template was then considered.
[bookmark: _Toc491426067][bookmark: _Toc491426095][bookmark: _Toc491426169][bookmark: _Toc491426212][bookmark: _Toc492995767][bookmark: _Toc509909934]5.3.2.3		Schöllkopf template
Bis-lactim ethers were first developed by Schöllkopf as a method of synthesising a variety of chiral amino acids via deprotonation and subsequent alkylation.171 A bis-lactim ether, deprotonated with n-butyl lithium, showed stereoselective alkyl addition to occur anti to any existing alkyl substituents with that derived from valine and glycine, showing the highest stereoselectivies 31.172 The deprotonated bis-lactim ether has shown to be tolerant to the addition of a wide variety of alkyl electrophiles.172
[bookmark: _Toc491426068][bookmark: _Toc491426096][bookmark: _Toc491426170][bookmark: _Toc491426213]5.3.2.3.1	Direct addition of Azido-PEG linker
It was hoped deprotonation of the Schöllkopf template with n-butyl lithium under standard conditions, followed by addition of a tosylate-PEG-azide 22 or iodo-PEG-azide 33 would result in the desired alkylation product 32 (Scheme 12). However despite varying reaction conditions (-78 °C, 0 °C and rt) and additives (12-crown-4, TBAI cat. and stoichiometric) only starting material was recovered.
[bookmark: _Ref492567402]Scheme 12. i) nBuLi, -78 °C, THF, ii) 22/33, additive, THF, -78 °C , 0 °C and rt, 5-24 hrs.
An electrophilic competition reaction was conducted in which 50 mol% of ethyl bromoacetate and 50 mol% of tosylate PEG linker were added to the deprotonated Schöllkopf template (Scheme 13).

[bookmark: _Ref492567422]Scheme 13. i) nBuLi, THF, -78 °C, 24 hrs, ii) 0.5 eq 22, 0.5 eq 35, THF, -78 °C to rt, 24 hours.
A 50:50 mixture of the Schöllkopf starting material 31 and the ester addition product 34 was observed by 1H NMR spectroscopy, however there was no evidence to suggest presence of the alkylated PEG-azide. This infers the tosylated-PEG-azide 22 is a poor electrophile for this type of reaction.
[bookmark: _Toc491426069][bookmark: _Toc491426097][bookmark: _Toc491426171][bookmark: _Toc491426214]5.3.2.3.2	Indirect addition of azido-PEG linker
The D-amino acid can be synthesised by a variety of methods and with a variety of substituents such as alkenes or esters, with the chiral template acting as a protecting group for the amine and acid (P). Both alkene and esters can undergo reduction to the primary alcohol followed by addition to a suitable linker to create numerous molecules.
[image: ]
Figure 63. Synthesis of a modified D-amino acid with an extendable click linker
Following several different literature methods, the conditions for the addition of the activated electrophile were optimised.172 Deprotonation of the Schöllkopf template 31 with n-butyl lithium, followed by addition of ethyl bromoacetate 35, resulted in the addition product 34 in moderate yields (Scheme 14).

[bookmark: _Ref492567438]Scheme 14. i) dry THF, 1.1 eq nBuLi, -78 °C, 30-40 min, ii) conditions tabulated below. 
	Base
	Time 
	Temp 
	d.r.**
	Yield***

	nBuLi
	2 hrs
	-78 °C
	8:1
	68%

	nBuLi
	24 hrs
	-78 °C
	3: 1
	33 %

	nBuLi
	2.5 hrs
	-78 °C
	10: 1*
	72%*

	NaHMDS
	4 hrs
	-78 °C
	--
	SM

	LiHMDS
	4 hrs
	-78 °C
	--
	SM


Table 5. Deprotonation conditions for Scheme 14. *Newly purchased Schöllkopf template, **diastereotopic ratio measured by 1H NMR spectroscopy, ***isolated yield of both diastereoisomers. 
The ester 34 was subsequently reduced by using lithium aluminium hydride initially suspended in anhydrous THF, however despite varying conditions only starting material was returned (Scheme 15). Alternatively, lithium aluminium hydride powder was added directly to the ester 34 in a solution of THF at various low temperatures, resulting in the formation of a mixture of products. Reduction of the ester 34 with Red-Al led only to return of the starting material.





[bookmark: _Ref492567470]Scheme 15. i) dry THF, 1.5 eq LiAlH4, conditions  tabulated below.
	Temp 1
	Time 1
	Temp 2
	Time 2
	Quench
	d.r.*
	Yield 

	0 °C
	30 min
	rt
	3 hrs
	NH4Cl
	1:0.33
	60%

	0 °C
	30 min
	rt
	3 hrs
	NH4Cl
	1:0.5
	86%

	0 °C
	30 min
	rt
	3 hrs
	Rochelle salt
	1:1.5
	96%

	0 °C
	30 min
	rt
	3 hrs
	Rochelle salt
	1:8.2
	88%

	0 °C
	30 min
	rt
	3 hrs
	SDS
	1:0.15
	84%

	0 °C
	30 min
	rt
	2 hrs
	NH4Cl
	-
	SM

	0 °C
	30 min
	rt
	2 hrs
	Rochelle salt
	1:0.3
	61%

	0 °C
	30 min
	rt
	2 hrs
	SDS
	1:0.7
	75%

	-78 °C
	3 hours
	-
	-
	NH4Cl
	-
	SM

	0 °C
	3 hours
	-
	-
	NH4Cl
	1:1.1
	98%


Table 6. Reduction conditions for Scheme 15. *diastereotopic ratio measured by 1H NMR spectroscopy, the ratio is given in respect to the common major isomer.
Two reactions gave relatively high diastereomeric ratios, however these were difficult to purify due to product decomposition on the silica column even when the column had been deactivated with 0.1% eluting triethylamine. Both diastereoisomers co-elute, but literature reports have taken both products through alochol tosylation to facilitate purification.173 Following this protocol the crude alcohols were tosylated however this gave a large mixture of products which were difficult to separate and decomposed further during silica gel chromatography. 
The reduction conditions caused epimerisation at the stereogenic centre, therefore it was thought following a different route to achieve the alcohol or undergoing a cross-metathesis reaction may achieve a more stereo-controlled product. 

[bookmark: _Ref492567493]Scheme 16. i) nBuLi, THF, -78 °C, 30 min, ii) 38, THF, conditions tabulated below.
	Base
	Time 
	Temp 
	d.r.*
	Yield 

	nBuLi
	2 hrs
	-78 °C
	10:1
	77 %

	nBuLi
	24 hrs
	-78 °C
	1: 0
	84 %

	nBuLi
	2 hrs
	-78 °C to 0 °C
	6: 1
	81 %

	nBuLi
	24 hrs
	0 °C
	-
	ND


Table 7. Deprotonation conditions for Scheme 16. *diastereotopic ratio measured by 1H NMR spectroscopy, the ratio is given in respect to the common major isomer.
Following the methods of Gani et al. deprotonation of the Schöllkopf template 31 using n-butyl lithium and then addition of allyl bromide 38 gave the product 37 in good yield (Scheme 16).174 Increasing the addition time of allyl bromide from 2 to 24 hours saw a small increase in yield however saw full conversion to a single diastereoisomer when measured by 1H NMR spectroscopy.  Increasing the temperature to 0 °C resulted in a loss of stereocontrol.

[bookmark: _Ref492567509]Scheme 17. i) O3, DCM, -78°C, ii) NaBH4, MeOH
The desired alcohol 36 was synthesised by ozonolysis of the alkene 37, followed by a reductive work-up with sodium borohydride (Scheme 17). Ozonolysis gave the desired compound with 60% mass return in a 1:1 mixture of diastereoisomers, however the alcohol degraded upon purification on silica gel chromatography. It was decided due to degradation of the Schöllkopf alcohol intermediate and difficulty with purification, a different approach was required.
[bookmark: _Toc492995768][bookmark: _Toc491426070][bookmark: _Toc491426098][bookmark: _Toc491426133][bookmark: _Toc491426172][bookmark: _Toc491426215][bookmark: _Toc509909935]5.3.3	Synthesis of an extended linker via homoserine derivatives
Direct addition of a PEG linker to D-serine led to the elimination alkene product or no reaction as the primary alcohol is a poor nucleophile. It was hoped the addition of an extra carbon in homoserine, thus removing the potential for elimination product formation, would result in a successful synthesis of analogous D-aza-alanine extended linker probe. The primary amine in racemic homoserine 39 was first Boc-protected and carried through without purification to the esterification of the acid to a methyl ester 42 (Scheme 18).  Purification by flash column chromatography between the acid 40 and the lactone 41 led to further formation of the lactone. Methylation with thionyl chloride in methanol, prior to Boc-amine protection resulted in 13% product 40 formation and 87% lactone 41 formation.

[bookmark: _Ref491783706]Scheme 18. i) a) NaOH, EtOH/H2O, 18 hrs, rt, b) (Boc)2O, THF,  ii) a) NaOH, EtOH/H2O, 18 hrs, rt, b) MeI, DMF, 18 hrs, rt, iii) Tosyl-Cl, pyridine, 18 hrs, 0 °C to rt.
The attempted conversion of the alcohol 42 into a good leaving group, such as the toyslate, proceeded to give a mixture of the choride 43 and the tosylate 44 in equal quantities (Scheme 18). The attempted synthesis of a primary mesylate, instead of the tosylate, gave an unstable product which decomposed quickly over-time. It was therefore transformed into the bromide with lithium bromide in acetone giving a 50% yield over the two steps.
The synthesis was repeated with N-Boc-D-homoserine-OH 45 and although a significant presence of the lactone 46 (Scheme 19) was formed, but this was easily removed by flash column chromatography. N-Boc-D-Homoserine-OMe 47 gave a better conversion to the tosylate 48 under the same basic conditions of anhydrous pyridine with tosyl-chloride, with an equivalent yield of the chloride 49 formed.

[bookmark: _Ref491785885]Scheme 19. i) a) NaOH, EtOH/H2O, 18 hrs, rt, b) MeI, DMF, 18 hrs, rt, ii) Tosyl-Cl, pyridine, 18 hrs, 0 °C to rt.
The chloride and tosylate are both suitable leaving groups to be taken forward for azide substitution or for nucleophilic linker addition. The primary chloride 49 and primary tosylate 48 were subjected to sodium azide in the presence of 15-crown-5 to capture sodium ions (Scheme 20) to form the azide 50. 

[bookmark: _Ref491783568]Scheme 20. i) NaN3, 15-crown-5, DMF, 80 °C, 48 hrs ii) NaN3, 15-crown-5, DMF, rt, 18 hrs.
The primary chloride 49 showed a conversion of 61% after 2 days, however upon heating to 80 °C a comparative yield to the tosylate 48 was achieved. Addition of catalytic sodium iodide showed no increase in conversion from the chloride to the azide.

[bookmark: _Ref491859110]Scheme 21. i) TFA, rt, 15 min, ii) 1 M NaOH, rt, 15 min.
Deprotection to D-aza-homoalanine (AHA) 51 required TFA assisted removal of the Boc-protecting group, followed by saponification and purification by Dowex ion-exchange chromatography (Scheme 21). Deprotection was attempted in the opposite order to isolate the Boc-protected acid, however the stereochemistry of the lithium salt intermediate was difficult to determine due to solubility issues.
5.3.3.1		Synthesis of a carbon azide linker
A variety of azido-alkyl-alcohol linkers were synthesised. 3-Bromo-1-propanol was converted to the corresponding azide via nucleophilic substitution with 0.2 equivalents of potassium iodide in a pseudo-Finkelstein reaction (Scheme 22).

[bookmark: _Ref492996082]Scheme 22. i) NaN3, KI, acetone/H2O, rt, 20 hrs.
One equivalent of hydrobromic acid, initially titrated with 5 M sodium hydroxide, was added to 1,8-octandiol in toluene (Scheme 23) with a 61% mono-brominated product isolated by flash column chromatography. 

[bookmark: _Ref491785233]Scheme 23. i) 1eq HBr, toluene, reflux, 18 hrs, ii) NaN3, DMF, 80 °C, 18 hrs.
The mono-brominated product was heated in DMF with sodium azide to cleanly give 8-azido-1-octanol in almost quantitative yield. A series of alcohols were then used to react with the tosylate 48 over a variety of conditions (Scheme 24). 


[bookmark: _Ref492567708][bookmark: _Toc491426071][bookmark: _Toc491426099][bookmark: _Toc491426134][bookmark: _Toc491426173][bookmark: _Toc491426216]Scheme 24. i) a) A, B or C, NaH or KOtBu, THF or DMF, 0 °C, 5 minutes to 2 hrs b) 48,THF or DMF, 0 °C to rt, 2 hrs to 48 hrs.
Whilst in many of the reactions starting material was recovered, in several reactions a mixture of products were formed however none of the desired product was isolated by flash column chromatography.
[bookmark: _Toc492995769][bookmark: _Toc509909936]5.3.4	The effects of extendable linker in fluorescent labelling in S. aureus
D-Aza-alanine and D-aza-homoalaine were incorporated into growing S. aureus culture in a rich media at an overall concentration of 1 mM, with a sample taken every 5 minutes and the cell fixed and clicked with the same Alexa Fluor™ 647 alkyne dye under standard click conditions (Figure 64 & Figure 65).  The cells were imaged by Epi-fluorescence microscopy and images were analysed in FIJI (imageJ). A similar labelling pattern is noted as before with a bright septum and off-septal labelling present.

[image: ]
[bookmark: _Ref492996334]Figure 64. Testing D-aza-alanine incorporation over time. S. aureus (SH1000) samples were labelled with D-aza-alanine at an overall concentration 1 mM in BHI and fixed before analysis by Epi-fluorescence microscopy. A) 5 min, B) 10 min, C) 15 min, D) 20 min, E) 30 min.

[image: ]
[bookmark: _Ref492996335]Figure 65. Testing D-aza-homoalanine incorporation over time. S. aureus (SH1000) samples were labelled with D-aza-homoalanine at an overall concentration 1 mM in BHI and fixed before analysis by Epi-fluorescence microscopy. A) 5 min, B) 10 min, C) 15 min, D) 20 min, E) 30 min.


[image: ]
[bookmark: _Ref492996292]Figure 66. Fluorescence intensity (counts µm-2) of ADA (D-aza-alanine) vs AHA (D-aza-homoalanine) labelling in S. aureus over time. S. aureus (SH1000) samples were labelled with an overall concentration 1 mM for 5 to 30 minutes in BHI and fixed before analysis by Epi-fluorescence microscopy. Plot of n≥3 biological repeats.
The fluoresence instensity for the incorptoration of both D-aza-alanine and D-aza-homoalanine into S. aureus increased over time (Figure 66). There was no significant difference, from 5 to 15 minutes, between the Epi-fluorescence microscopy images captured when analysed using Fiji (imageJ). The reduced  fluoresence intensity for both amino acids at 20 minutes is thought to be an artifact of the images taken. The reduction of fluoresence for D-aza-homoalanine at 30 minutes may be due to the bleaching of the fluorescent dye ligated to the amino acid as this sample was imaged last. In this instance the addition of a single carbon to the amino acid has had no significant effect on the labelling ability of the modified D-amino acid.
[bookmark: _Toc492995770][bookmark: _Toc491426072][bookmark: _Toc491426100][bookmark: _Toc491426135][bookmark: _Toc491426174][bookmark: _Toc491426217][bookmark: _Toc509909937]5.6	Discussion
A structural analogue of the FDAA HADA was successfully synthesised via a von Pechmann condensation forming the coumarin fluorescent moiety carbon-carbon ligated to D-alanine, COUM. Both FDAAs were successfully incorporated into S. aureus, there was a significant difference in the fluorescent intensities of both FDAAs emitted over time. However the addition of the peptide bond adjacent to the fluorophore has an affect the fluorescent properties of the fluorophore, as shown by the molar extinction coefficient, and not necessarily representative of the incorporation into S. aureus.
The deprotonation of Williams’s oxazinone with NaHMDS was unsuccessful. Direct additions of the tosylate-PEG-azide substituent to nickel glycine anion equivalent or the Schöllkopf template were both unsuccessful. Alkylation of the Schöllkopf template to form the ester and the alkene was successful, however ozonolysis of the alkene and reduction of the ester led to an inseparable diastereotopic mixture of the resulting alcohols. Synthesis of D-amino acids using Schöllkopf template via the primary alcohol was unsuccessful due to epimerisation of the alpha carbon under basic conditions.
D-aza-Homoalanine was successfully synthesised via protection of homoserine, functional group conversion of the alcohol to a suitable leaving group followed by nucleophilic substitution of the leaving group to an azide and subsequent deprotection of the amino acid. S. aureus successfully incorporated both D-aza-alanine and D-aza-homoalaine. These showed  comparative results, implying a lack of specificity to D-amino acids in either the biosynthetic pathway or through perplasmic exchange within established peripheral peptidoglycan in this regard.
Initial addition of azido-alkyl-alcohol to tosyl-protected-homoalanine under basic conditions was initially unsuccessful, nevertheless there is a broad scope in which to vary reaction conditions to form the extended alkyl-azide.
5.6.1	Future work 
To truly test the effect of the linker chain length on the labelling ability of peptidoglycan a series of extended azido-alkyl-D-amino acids are required. The proposed synthesis includes optimising the addition of the azido-alkyl-alcohol to tosyl-protected-homoalanine, followed by deprotection of the amino acid (Figure 67).


[bookmark: _Ref492998417]Figure 67. Future synthesis of a homoalanine based extended click linker
There are a multitude of other robust techniques for the synthesis of extended linker D-amino acids. Work by Baldwin et al. on the homologation of L-homoserine used oxidation of homoserine followed by Wittig homologation to extend from the γ-carbon (Scheme 25).175 The alcohol could be tosylated and undergo nucleophilic addition of sodium azide to form the azide click handle.

[bookmark: _Ref493060661]Scheme 25. i) PCC, NaOAc, DCM, ii) , iii) NaBH4, EtOH.175
A second method utilising an electrophilic source of nitrogen and an enolate chiral auxiliary is electrophilic amination of enolates using azodicarboylates, this work by Evans and Britton showed direct diastereoselective azidation of enolates (Scheme 26) followed by hydrolysis of the chiral auxiliary and hydrogenation leading to the desired L-amino acid.176

[bookmark: _Ref493064442]Scheme 26. i) a)KHMDS, b) trisylazide, -78 °C, b) AcOH, 78 °C to rt, ii) a) LiOH/LiOOH, H2 Pd/C.176
There are several other key syntheses of D-amino acids that are slightly less suited such as the nucleophilic amination of α–substituted acids, which can prepare α-hydroxy amino acids. An alternative asymmetric hydrogenation of Z-dehydroalanines as noted by Scott et al. can lead to high R-selectivities, however the initial synthesis of the Z-dehydroalanines is the key challenge (Scheme 27).175

[bookmark: _Ref493064459]Scheme 27. i) Rh(S,S)CHIRAPHOS H2, 50 psi, 50 °C.175
Another method is the asymmetric strecker synthesis; this generally requires a benzylic amine to form the α-amino nitrile, from the Schiff base, which is then converted in to the D-amino acid. There is a suite of different methodologies to form D-amino acids with each route containing a seemingly challenging step.
Once the extended azido-amino acid is at hand there are a plethora of biological questions that can be explored, such as the labelling efficiency of click probes and the tolerability of enzymes within the biosynthetic pathway of peptidoglycan. 
Click labelling of D-aza-alanine using gold nanoparticles (NP) has been successful in S. aureus, however only a fraction of nanoparticles labelled each cell. Labelling of gold nanoparticles is quantifiable when imaged with EM. The ligation of click gold NPs to the extended azido-amino acid compared to D-aza-alanine may be quantified by EM to determine whether the low labelling efficiency is due to the NPs themselves or the ability to ligate to D-aza-alanine. 


[bookmark: _Toc509909938]Chapter 6: General Discussion
[bookmark: _Toc509909939]6.1	The Advances and Limitations in Peptidoglycan Analysis
[bookmark: _Toc509909940]6.1.1	Biophysical techniques
High pressure liquid chromatography (HPLC) has been extensively used to characterise glycan strand length in E. coli, B. subtilis and S. aureus.9,10,177,178 However this technique is limited to resolving glycan strands between 1-30 disaccharide units long, for longer glycan chain separation ion-exchange and size exclusion methods can be used.9,42 Additionally HPLC can quantitatively show the ratio of cross-linking between glycans in peptidoglycan.179 De Jonge et al. published the first HPLC protocol to study peptidoglycan isolated from S. aureus in both wildtype and methicillin resistant strains.153 This method has been modified by numerous groups with improved HPLC technology to isolate monomeric Lipid II-pentaglycine along with number of oligomers formed, such as trimers and tetramers etc.153,180 
Structural analysis often requires purified peptidoglycan to be enzymatically digested, separated by reverse phase HPLC into different fractions and these fractions analysed with Matrix Assisted Laser Desorption/Ionization – Time Of Flight Mass Spectrometry (MALDI-TOF MS) or a similar tandem mass spectrometry (MS) technique. This allows isolation and quantification of different muropeptides in peptidoglycan and the role of proteins associated with peptidoglycan synthesis.140,181 HPLC/MS is a critical technique to study chemical and structural changes in peptidoglycan alongside biological changes associated with bacteria that have mutations, such as the removal of cell wall synthesis components, antibiotic resistant strains etc.10,182
Patti et al. combined reverse phase HPLC separation of muropeptides, LC/MS and solid-state NMR to study the variation of between antibiotic resistant strains of E. faecium compared to wild-type strains.139 The use of bio-physical techniques such as solid-state NMR spectroscopy can be employed to study the structural dynamics of entire sacculi or sacculi-protein interactions. Kern et al. have employed NMR spectroscopy to assign fully hydrated and E. col, B. subtilis and S. aureus sacculi, to describe novel features from flexibility to molecular arrangements. 183,184 They are able to compare protein-peptidoglycan interactions, characterization of teichoic acids and their ability to bind to metal ions, as well as look at physical features such as molecular flexibility from NMR relaxation times.183,184 
An increasingly popular technique to study protein interactions in vivo, is Forster resonance energy transfer (FRET) as it can measure the interaction between two molecules coupled with fluorophores. This technique has the potential to provide wide-ranging physical and functional biological information. For example Alexeeva et al. have explored the use of fluorescent protein pairs in E. coli to study the co-localisation of early and late division proteins.185 
[bookmark: _Toc509909941]6.1.2	Fluorescent probes
FDAA labelling has been carried out in a variety of taxonomically diverse bacteria, from Gram-negative to Gram-positive.34,158,186,187 Multiple colour labelling across the visible spectrum is highly desirable to show time windows of cell wall synthesis, however the number of channels is limited to theex and em overlap of fluorophores. Work by Hsu et al. has shown the real ability for FDAA labelling in live bacteria over the full visible spectrum (Figure 68).188
[image: ]
[bookmark: _Ref491354251]Figure 68. Lactococcus lactis cells were sequentially labelled with Atto610ADA (8 min), HADA (5 min), YADA (8 min), sBADA (5 min), and TADA (5 min), and then fixed and imaged. Left to right: Phase channel, Atto610ADA, HADA, YADA, sBADA, TADA, and merged image. Scale bar: 1 μm. Image from Chem. Sci., 2017, 8, 6313- Published by The Royal Society of Chemistry.
The variation of potential labelling sites in peptidoglycan has provided a wealth of different routes and alongside them challenges. Attempts to incorporate click azido monosaccharides into S .aureus in this study was unsuccessful, work by Grimes et al. has shown the incorporation of a click UDP-MurNAc into E. coli.120 They required an uptake of a MurNAc/ GlcNAc kinase (AmgK and MurU) from P. putida into an E. coil ΔmurQ strain and a B. subitilis, however bacteria were incubated in fosfomycin prior to labelling to inhibit MurA to prevent incorporation via alternative catabolic pathways.120 The same results may be achieved with S. aureus.
Labelling of the reducing termini with Alexa Fluor™ 488 hydroxylamine (HAF488) was attempted in S. aureus and B. subtilis cells and sacculi (Figure 69A).99 

[bookmark: _Ref491415767]Figure 69. The chemical structure of A) Alexa Fluor™ 488 C5 hydroxylamine (HAF488), B) Hyldroxylamine-PEG-azide (O-{2-[2-(2-azidoethoxy)ethoxy]ethyl}hydroxylamine)
The hydroxylamine reacts with aldehydes present at the reducing termini to form a stable oxime, cells pre-treated with sodium borohydride to reduce and remove all reactive aldehydes should remove any significant labelling of S. aureus. The use of a hydroxylamine based click linker allows reducing termini labelling with STORM compatible imaging (Figure 69B). Hydroxylamine labelling should be more significant in bacteria with shorter glycan strands as there will be a greater number of reducing termini. The labelling pattern between nascent and matured peptidoglycan may give information on glycan chain length and cleavage.
[bookmark: _Toc509909942]6.1.3	Super-resolution microscopy
In the instance of STORM, the two properties of a suitable photo-switchable fluorophore include a high quantum yield; the fluorophore emits a higher number of photons as fluorescence to those absorbed. Secondly an optimum equilibrium blinking rate; the time a dye emits fluorescence under constant illumination compared to the time in the ‘dark’ state.185 The choice of buffer can drastically affect both of these properties, such as the addition of reducing thiols or enzymatic oxygen scavengers GLOX. Many dyes require different buffer conditions for optimal blinking rates for STORM which can cause logistical issues for multi-colour labelling, the control of the blinking rate is crucial for accurate localization.81 Another major issue with multi-colour labelling is due to the overlap of excitation wavelengths, each dye used requires a em separation of <100 nm to independently detect each dye and prevent ‘cross-talk’.189 Ideally dual-emission STORM requires each dye being excited in two separate channels, the order of dye excitation can be important as to not photobleach the secondary dye before its being imaged.189
The resolution limit of SIM is dependent on using patterned illumination techniques and not on the properties of the fluorophore, a wide variety of organic dye or fluorescent proteins are suitable for SIM imaging. Due to the wide variety of ex and em filters available with SIM and the low light intensities required for bright dyes, it is highly suitable for multi-colour live cell imaging. Monteiro et al. studied the SIM labelling pattern of 5 minute cell wall pulse labelling of S. aureus COL with WGA-488 and membrane stained with Nile-red, the lateral image resolution reach ~115 nm allowing accurate measurement of cell volume throughout the cell cycle to be taken. The major downfall of SIM is due to the use of patterning light, which itself is diffracted, as the resolution limit can only achieve double the spatial resolution of conventional widefield.190
The combination of fluorescent microscopy with a structural techniques such as AFM to combine fluorescent mapping with structural information has previously been explored with diffraction limited techniques.191,192 AFM of bacteria has been used to provide structural details such as sacculi thickness, sacculi elasticity, surface details on sacculi and hydrated cells etc.8,52 Both techniques with a visual tracker at the super-resolution scale allow a visual guide to track specific molecules or features then followed by high resolution AFM providing 3D molecular resolution of bacteria.
The combination of high resolution and fluorescence microscopy has already revealed fine mechanical details of cell separation and daughter cell expansion in S. aureus.36  Zhou et al. combined epifluorescence microscopy and scanning EM to show real-time cell division in fluorescence alongside correlative super-resolution images showing the division of two daughter cells occurring at millisecond timescale alongside a partial hinge-like attachment visible with SEM.36 
The combination of fluorescent imaging techniques providing localization and visual tracking of cell elements, bio-chemical analysis of muropeptides using NMR and mass spectrometry alongside cellular mechanical properties of direct imaging techniques provides a comprehensive approach to better determining peptidoglycan dynamics and architecture.54
[bookmark: _Toc509909943]6.2	New Models for Cell Wall Biosynthesis in S. aureus
Using the combination of super-resolution data it is discernible that peptidoglycan synthesis is not confined to the leading edge of the septum but instead occurs as continuous incorporation across the septum, alongside off-septal insertion of nascent peptidoglycan into the ‘mature’ cell wall. This has led to a new theoretical model for cell growth and division in S. aureus (
Figure 70).



[bookmark: _Ref491417431] [image: C:\Postdoc_Shef\Papers\Vic STORM\fig7working\fig7diagrams.png]
Figure 70. New model for the growth and division of S. aureus. i, ii) Cell volume slowly increases prior to the start of septation,41  iii) Initial formation of the ‘piecrust’ feature of the septum with a narrow leading edge,41,144 iv) The septum from the leading edge forms a ‘gradient’ of peptidoglycan synthesis across a zone of synthesis,193 v, vi) The annulus fuses and continued peptidoglycan synthesis occurs across the whole septal plate until the required thickness is achieved, vii) Cracks start to occur at the outer surface in the plane of septation rapidly followed by mechanical popping apart of the two hemispherical daughter cells, 36 viii) The daughter cell expands into its cocci nature, ‘pie-crust’ like scars describe the site of division.
It is still undetermined as to the mode of daughter cell expansion and re-shaping of the septal plate. It is thought to be driven by hydrolysis and off-septal peptidoglycan synthesis.36,193 This does not address the mode of off-septal labelling insertion during the cell cycle, further studies localising cell division machinery and nascent peptidoglycan insertion at the super-resolution scale have yet to be carried out.
[bookmark: _Toc509909944]6.2.1	Fluorescent antibiotics
Fluorescent vancomycin has been well utilised as a label of peptidoglycan in live and fixed bacteria. However the use of fluorescent probes to study the effect of antibiotics during treatment with live bacteria, at a suitable inhibitory concentration, has yet to be explored. 
Additionally, fluorescently labelling different antibiotics with a known inhibitory target would allow direct mapping of the antibiotics effect during cell growth. There are a suite of penicillins which can preferentially inhibit a single PBPs: PBP1 (Meropenem, imipenem), PBP2 (Cefriaxone, Cefotcaxime, Ceftizoxime), PBP3 (Cefaclore) and PBP4 (Cefoxitin).194–196 Addition of a fluorophore to these antibiotics would enable mapping of transglycosylation and transpeptidation activity in conjunction with potential localization studies of other cell wall synthesis machinery or nascent peptidoglycan.
[bookmark: _Toc509909945]6.2.2	Current limitations 
The key aim of this work has been to image peptidoglycan architecture from a molecular to a cellular level. To fully meet this aim there are a list of improvements that are required across the scientific disciplines. Better-quality resolution of microscopy techniques such as AFM and the combination with localization microscopy could provide correlated information between fluorescence localization of nascent cell wall material or cell wall labelled proteins with topographical and force data. One of the largest developments is live-cell imaging with super-resolution microscopy, allowing real-time analysis of architectural changes in bacteria during the cell cycle. 
All of these microscopy techniques require improved fluorescent probe design. Synthesis of a suite of fluorescent dyes that are suitable for multicolour STORM labelling or biocompatible to live cell imaging is one of the limiting challenges. Alongside this upgraded image analysis software is required to detect fluorescent probes at lower limits of resolution. In addition to this a high throughput technique to image a large amount of samples would be desirable to start looking at variations across wider populations of bacteria.
Advances in super resolution microscopy and the synthesis of novel probes have begun to address some of the questions surrounding the bacterial cell wall architecture and dynamics. However the main aim to development of a robust model for cell wall synthesis and the effect of antibiotics on this is still evolving. Development of new probes, improved image analysis and smaller scale imaging in the future can lead to the identification of new antibiotic targets and a better understanding of current resistance modes.


[bookmark: _Toc490658204][bookmark: _Toc509909946]Chapter 7: Chemical Experimental
[bookmark: _Toc509909947]7.1	Instruments
NMR characterisation was achieved on a Bruker AC250, AC400 and AC500 spectrometer for both 1H and 13C analysis, this is fitted with automatic sample changer with the solvent as the internal standard. 13C NMR spectra were recorded using JMOD settings. All coupling constants are given in Hertz (Hz). Mass spectrometry was recorded by electrospray ionisation using a Waters LCT time of flight (TOF) instrument or Micromass Technologies LCT Premier XE ES spectrometer. IR spectra were recorded on a PerkinElmer Spectrum 65 or 100 FT-IR using the method noted.  Specific rotations were obtained on an Optical Activity Ltd. AA-10 automatic polarimeter at 589 nm (Na D-line) and [α]D values are given in 10-1 deg cm2 g -1. Melting point experiments were performed on a Gallenkamp apparatus.
[bookmark: _Toc490658205][bookmark: _Toc509909948]7.2	Solvents and Reagents
For anhydrous conditions solvents were obtained from the Grubbs dry solvent purification system at the University of Sheffield. All glassware was flame dried under vacuum, reactions were carried out under nitrogen and if required heated through the use of Dry Syn™ blocks. Reactions that were performed at 0 °C and -78 °C used water/ice baths and acetone/dry ice baths, respectively. Reactions performed at -20 °C were performed at in ethanol cooled by a LabPlant RP-1000-CD cryostat with immersion probe for consistency. Dichloromethane (CH2Cl2, DCM), Methanol, Ethyl Acetate and acetonitrile were purchased from Sigma Aldrich and Fisher Scientific, HPLC grade. All dry solvents were obtained through the departmental Grubbs solvent system and stored under a positive pressure of Argon with 4Å Molecular sieves. 4Å Molecular sieves were purchased from Lancaster as 1-2 mm beads and activated by flame-drying under vacuum.
NBS was recrystallized from water, TBAF and thionyl chloride was freshly distilled prior use and kept under a nitrogen atmosphere. All other reagents were used as supplied without further purification except where noted.  Silica gel 60A (Fluorochem Ltd) was used for Flash column chromatography and TLCs using aluminium sheets coated with silica gel 60 F254 (Merck) were developed using a UV lamp and/or a potassium permanganate dip with heating. nButyl Lithium was titrated before each used to assess the molarity with benzophenone tosylhydrazone in dry THF at 0 °C. All reagents were purchased from Sigma Aldrich, Fluorochem, Alfa Aesar, Acros Chemicals, Iris, Lumiprobe, Life Technologies, Thermo Fischer.
[bookmark: _Toc490658206]

[bookmark: _Toc509909949]7.3	Experimentals
[bookmark: _Toc490658207][bookmark: _Toc509909950]2)	N-[(1,1-Dimethylethoxy)carbonyl]-3-{[(7-hydroxy-2-oxo-2H-1-benzopyran-3-yl) carbonyl] amino} D-alanine (N-Boc-HADA)
[image: https://lh5.googleusercontent.com/r-KNXZ9WS9InFSXAKZIqVIddIv1PhuMR3R5nuk0zY9Ra54VdxcH-Vz2ELYZZorcQUejpb_9c7z_hf9QuMEKwMW0WMXMVxa0snkM4Pqx58t4Q3WUWAMN4YnIBiTJMYCh51zpTYcbCPnKes0dqbA]
N-Succinimidyl-7-hydroxycoumarin-3-carboxylate (250 mg, 0.82 mmol) was dissolved in triethylamine (0.26 mL) and dry CH2Cl2 (15 mL) under an inert atmosphere at room temperature. Boc-D-Dap-OH (168 mg, 0.82 mmol) was added to the mixture and stirred for 18 h at room temperature. The mixture was diluted with ethyl acetate (50 mL) and washed with 1M HCl (2 x 10 mL). The aqueous layer was extracted with ethyl acetate (3 × 10 ml) the combined organic layers dried over magnesium sulfate, then filtered. The solvent was removed in vacuo to yield white powder (317 mg, 99 %) the powder could be further purified by recrystallization from methanol (237 mg, 74%); -54.0 (c 1.0, MeOH); νmax/cm-1 (film) 3411, 1692, 1600, 1543; 1H NMR (400 MHz, CH3OD) δH (ppm): 8.79 (1H, s, ArCH), 7.69 (1H, d, J 8.6 Hz, ArCH), 6.91 (1H, dd, J 2.0 Hz and 8.6 Hz, ArCH), 6.78 (1H, d, J 2.0 Hz, ArCH), 4.42–4.39 (1H, m, CH), 3.99 (1H, dd, J 13.5 Hz and 4.6 Hz, CHH), 3.60 (1H, dd, J 13.5 and 8.2 Hz, CHH), 1.44 (9H, s, CH3); 13C NMR (100 MHz, CH3OD) δC (ppm): 172.8 (CO), 164.4 (CO), 163.6 (CO), 161.6 (CO), 157.0 (C), 156.5 (C), 148.5 (CH), 131.6 (CH), 114.3 (CH), 112.9 (C), 111.4 (C), 101.7 (CH), 79.3 (C), 53.7 (CH), 40.7 (CH2), 27.3 (CH3); m/z (TOF MS ES+) 391.1166 (100%, M+-H. C18H19N2O8 requires 391.1147).



[bookmark: _Toc490658208][bookmark: _Toc509909951]3)	3-{[(7-Hydroxy-2-oxo-2H-1-benzopyran-3-yl) carbonyl] amino} D-alanine, 2,2,2-trifluoroacetate (HADA TFA salt)
[image: https://lh3.googleusercontent.com/NzLtUfvI7R8uOPi0FeFIbxUWsWb-nkJbRJqyjYUGfKAOtHnCZuwMeRKESDXyu5OdCtWMpq2JPTTuxT4crPYNI4O9e4MgLdfcWIW7hwRUSr5qdWKXDiA9Cs-UObjkvoYSnUusEh7er8LSpPkXCQ]
Trifluoroacetic acid (2 mL) was added to N-Boc-HADA (96 mg, 0.24 mmol) in DCM (2 mL) and stirred at room temperature for 3 h. The solvent was removed in vacuo to yield dark orange oil that was used without further purification (72 mg, 99%); -1.5 (c 1.0, MeOH); νmax/cm-1 (film) 3388, 3315, 3143, 2947, 2838, 1701, 1626, 1539, 1430; 1H NMR (400 MHz, CH3OD), δH (ppm): 8.81 (1H, s, ArCH), 7.69 (1H, d, J 8.6 Hz, ArCH), 6.91 (1H, dd, J 8.6 Hz and 2.0 Hz, ArCH), 6.78 (1H, d, J 2.0 Hz, ArCH), 4.30-4.27 (1H, m, CH), 3.99 (1H, dd, J 3.5 Hz and 14.5 Hz, CHH), 3.6 (1H, dd, J 6.4 Hz and 14.5 Hz, CHH); 13C NMR (400 MHz, CH3OD), δC (ppm): 168.5 (CO), 164.7 (CO), 164.7 (CO), 161.7 (C), 157.1 (C), 148.9 (CH), 131.7 (CH), 114.4 (CH), 112.5 (C), 111.3 (C), 101.7 (CH), 53.2 (CH), 39.1 (CH2); m/z (TOF MS ES+) 305 (100%), 293.0777 (65, M++H. C13H14N2O6 requires 292.0774).

The compound has been previously reported, but all analytical data has been recorded in DMSO, so is in broad agreement.117




[bookmark: _Toc490658209][bookmark: _Toc509909952]6)	3-Azido-N-[(1,1-dimethylethoxy)carbonyl]-D-alanine (Boc-D-aza-ala-OH)
[image: ]
H-D-aza-OH.HCl (527 mg, 4.1 mmol) was added to a stirred solution of sodium carbonate (1.17 g, 11.1 mmol) in water (5 mL). The solution was cooled to 0 oC, followed by drop-wise addition of a solution of di-t-butyldicarbonate (1.25 g, 5.3 mmol) in acetonitrile (5 mL). The mixture was allowed to warm to room temperature overnight, diluted with water (50 mL), and washed with diethyl ether (20 mL). The aqueous layer was acidified to pH 2 using 1M HCl and extracted with ethyl acetate (3 × 50 mL). The combined organic layers were washed with brine (20 mL), dried over magnesium sulfate, filtered and solvent removed in vacuo to give a clear, colourless oil (850 mg, 90%) that was used directly without further purification;  -25.0 (c 1.0, MeOH); νmax/cm-1 (film) 3331, 2981, 2935, 2551, 2108, 1714, 1513; 1H NMR (400 MHz, CH3OD) δH (ppm): 4.33 (1H, t J 5.1 Hz, CH), 3.70–3,63 (2H, m, CH2), 1.48 [9H, s, (CH3)3]; 13C NMR (100 MHz, CH3OD) δC (ppm): 171.5 (CO), 156.3 (CO), 79.5 (C), 53.5 (CH), 51.8 (CH2), 27.2 (CH3); m/z (TOF MS ES+) 365 (30%), 297 (15), 229.0949 (100, M+-H. C8H13N4O4 requires 229.0942).

This compound has previously been prepared in the literature by different methods. NMR data has been reported in DMSO – no specific rotation was recorded.197


[bookmark: _Toc490658210][bookmark: _Toc509909953]7)	3-Azido-N-[(1,1-dimethylethoxy)carbonyl]-D-alanyl-D-alanine 1,1-dimethylethyl ester (Boc-D-aza-ala-D-ala-OtBu)
[image: ]
Boc-D-aza-ala-OH (850 mg, 3.7 mmol), N-methylmorpholine (4.5 mL, 41 mmol) and H-D-ala-OtBu (710 mg, 3.7 mmol) were added to dry DCM (100 mL) under argon. A 50 wt% solution of T3P in DMF (2.4 g, 5.0 mL, 7.5 mmol) was added slowly and the mixture was stirred at room temperature for 18 hours. The solvent was removed under vacuum, the remaining solid purified by column chromatography on silica, eluting with a 1% to 5% gradient of methanol in DCM, to yield a colourless oil (1.07 g, 73%); +5.45 (c 1.0, CHCl3); νmax/cm-1 (ATR) 3020, 2986, 2930, 2104, 1721, 1661; 1H NMR (400 MHz, CDCl3) δH (ppm): 6.95 (1H, br d, J 6.2 Hz, NH), 5.41 (1H, br s, NH), 4.45 (1H, quint, J 7.1 Hz, CH3CH), 4.42 (1H, br s, CH) 3.86 (1H, br dd, J 12.2 Hz and 2.6 Hz, CHH), 3.54 (1H, dd, J 12.2 Hz and 5.4 Hz, CHH), 1.48 (9H, s, 3 × CH3), 1.40 (3H, d, J 7.1 Hz, CH3); 13C NMR (100 MHz, CDCl3) δC (ppm): 173.9 (C=O), 165.9 (C=O), 52.3 (CH), 50.8 (CH2), 48.5 (CH), 16.1 (CH3); m/z (TOF MS ES+) 358.2093 (100%, M++H. C15H28N5O5 requires 358.2090).


[bookmark: _Toc490658211][bookmark: _Toc509909954]8)	3-Azido-D-alanyl-D-alanine, 2,2,2-trifluoroacetate [D-aza-ala-D-ala (ADA-DA) TFA salt]
[image: ]
Boc-D-aza-ala-D-ala-OtBu (112 mg, 0.28 mmol) stirred with TFA (1 mL) in methanol (5 mL) for 5 h at room temperature. The solvent was removed in vacuo to yield a colourless oil (83 mg, 100%); -2.00 (c 1.0, MeOH); νmax/cm-1 (film) 3081, 2120, 1670, 1563; 1H NMR (400 MHz, CH3OD) δH (ppm): 4.46 (1H, q, J 7.3 Hz, CH3CH), 4.07 (1H, dd, J 4.0 Hz and 7.5 Hz, CH2CH) 3.96 (1H, dd, J 4.0 Hz and 13.5 Hz, CHH), 3.77 (1H, dd, J 7.5 Hz and 13.5 Hz, CHH), 1.46 (3H, d, J 7.3 Hz, CH3); 13C NMR (100 MHz, CH3OD) δC (ppm): 173.9 (C=O), 165.9 (C=O), 52.3 (CH), 50.8 (CH2), 48.4 (CH), 16.1 (CH3); m/z (TOF MS ES+) 224 (10%), 202.0940 (100, MH+. C6H12N5O3 requires 202.0935), 145 (10).

The compound has been previously reported as a white solid, although no specific rotation or IR data was reported. 1H and 13C literature date was recorded in DMSO, but is in broad agreement.121 



[bookmark: _Toc490658212][bookmark: _Toc509909955]THADA 	9-[2-Carboxy-4-[[[5-[[4-(dimethylamino)phenyl]amino]-5-oxopentyl]amino]carbonyl]phenyl]-3,6-bis(dimethylamino)-xanthylium bis-2,2,2-trifluoroacetate and 9-[2-carboxy-5-[[[5-[[4-(dimethylamino)phenyl]amino]-5-oxopentyl]amino]carbonyl]phenyl]-3,6-bis(dimethylamino)-xanthylium bis-2,2,2-trifluoroacetate (TADA – TFA salt)
[image: ]
6-(Tetramethylrhodamine-5(6)-carboxamido)hexanoic acid, succinimidyl ester (10 mg, 1.6 x10-5 Mol)  and Boc-D-Dap-OH (5 mg, 2.4 x10-5 mol, 1.5 eq) were dissolved in dry DMF (200 µL), triethylamine (10 µL, 7.2 x10-5 Mol) was subsequently added and the mixture stirred overnight. The solvent was removed in vacuo and the residual oil was treated with a 1:1 mixture of DCM and trifluoroacetic acid for 30 minutes. The solvent was removed in vacuo to leave a pink solid TFA salt, the crude product was purified via reverse phase HPLC (20% MeCN/H2O, 0.1% TFA, RT = 20 min) yield a pink solid as a TFA salt as a mixture of regioisomers isomers in a 1.7:1 ratio (12 mg, 98%); 1H NMR (500 MHz, D2O), δH (ppm): 8.44 (1H, s, ArHmaj), 8.42 (1H, s, ArHmin), 8.18 (1H, d, J 8, ArHmaj), 7.98 (1H, d, J 8, ArHmin), 7.43 (1H, d, J 8, ArHmaj), 7.39 (1H, d, J 8, ArHmin), 7.02 (2H, d, J 9.5, ArHmaj), 6.97 (2H, d, J 9.5, ArHmin), 6.74-6.68 (2H, m, ArHmaj&min), 6.28 (2H, s, ArHmaj&min), 3.97 (1H, dd, J 1.6 and 3.6, CH maj&min), 3.73-3.69 (1H, m, 6-CH2 maj&min), 3.58 (1H, m, 6-CH2 maj&min), 3.39 (2H, t, J 5.2, CH2CO maj&min), 3.30-2.92 (12H, m, CH3 maj&min), 2.33 (1H, t, J 5.6, CH2Nmin), 2.25 (1H, t, J 6, CH2Nmaj), 1.61-1.57 (4H, m, CH2 maj&min), 1.41-1.34 (4H, m, CH2 maj&min); 13C NMR (125 MHz, D2O), δC (ppm): 178.9, 178.4, 171.0, 169.2, 168.6, 168.5, 163.0 (q, JC-CF 35), 157.1, 156.8, 156.8, 135.9, 135.7, 133.0, 130.9, 130.6, 130.5, 129.2, 116.3 (q, JC-F 290),  114.0, 112.7, 96.0, 54.2, 48.8, 40.0, 39.4, 35.4, 33.7, 28.1, 28.0, 26.9, 25.7, 25.6, 24.7, 24.0; m/z (TOF MS ES+) 630.2948 (100%, M++H C34H39N5O7 requires 630.2948).
Note all C13 peaks are listed due to the difficulty to distinguish between major and minor isomers.



[bookmark: _Toc490658213][bookmark: _Toc509909956]11)	 (2R)-1-Benzyl-7-ethyl-2-{[(benzyloxy)carbonyl]amino}-5-oxoheptanedioate 

Carbonyldiimidazole (0.96 g, 5.9 mmol) was added in portions to (4R)-5-(benzyloxy)-4-{[(benzyloxy)carbonyl]amino}-5-oxopentanoic acid (2.00 g, 5.4 mmol) in anhydrous THF (20 mL), the mixture was stirred for 90 minutes at room temperature under an inert atmosphere. Potassium ethyl malonate (0.92 g, 5.4 mmol) and magnesium chloride (1.00 g, 10.8 mmol) were then added and the resulting mixture was stirred at room temperature for a further 14 hours. The mixture was poured onto water (100 mL) and extracted with diethyl ether (3 x 80 mL). The combined organic layers were washed with NaHCO3(aq) (100 mL), dried over magnesium sulfate, filtered and the solvent removed in vacuo to yield a waxy, white solid (1.15 g, 2.6 mmol, 48%) that was used without further purification; +18.0 (c 1.0, MeOH); νmax/cm-1 (ATR) 3311, 3036, 2975, 2900, 1748, 1730, 1713, 1689; 1H NMR (400 MHz, CDCl3), δH (ppm): 7.42-7.29 (10H, m, ArH), 5.43 (1H, d, J 7.6, NH), 5.19 (2H, s, COOCH2Ph), 5.12 (2H, s, PhCH2OCONH), 4.45-4.40 (1H, m, NHCHCO), 4.20 (2H, q, J 7.2, OCCH2CH3), 3.39 (2H, s, OCCH2CO), 2.69-2.54 (2H, m, CHCH2CH2CO), 2.25-2.20 (1H, m, CHCHHCH2CO), 2.02-1.93 (1H, m, CHCHHCH2CO), 1.30 (3H, t, J 7.1, OCCH2CH3); 13C NMR (100 MHz, CDCl3), δC (ppm): 201.6 (C=O), 171.6 (C=O), 167.0 (C=O), 156.0 (C=O), 136.1 (ArC), 135.1 (ArC), 128.7 (ArCH), 128.6 (ArCH), 128.6 (ArCH), 128.4 (ArCH), 128.3 (ArCH), 128.2 (ArCH), 67.4 (CH2), 67.1 (CH2), 61.5 (CH2), 53.2 (CH), 49.2 (CH2), 38.6 (CH2), 26.3 (CH2), 14.1 (CH3); m/z (TOF MS ES+) 464.1688 (90%, M++Na C24H27NO7 requires 464.1680), 425 (100), 380 (100).



[bookmark: _Toc490658214][bookmark: _Toc509909957]12)	 (2R)-2-Amino-4-(7-hydroxy-2-oxo-2H-chromen-4-yl)butanoic acid trifluoroacetate salt [D-(7-Hydroxycoumarin-4-yl) ethylglycine, TFA salt]

(2R)-1-Benzyl-7-ethyl-2-{[(benzyloxy)carbonyl]amino}-5-oxoheptanedioate (1.15 g, 2.6 mmol) was added to a solution of resorcinol (1.43 g, 13.0 mmol) in mesyl sulfonic acid (6.0 mL) at 0 oC under an inert atmosphere. After 20 minutes the mixture was allowed to warm to room temperature and stirred for 18 hours. The mixture was poured on to diethyl ether (50 mL) and cooled to 0 oC for an hour. The liqueur was separated from the resulting orange precipitate, which was re-dissolved in 1M HCl(aq) (50 mL). The aqueous solution was washed with ethyl acetate (2 x 50 mL) followed by addition of conc. NH4OH readjusting to pH 3.5. The pink solution was cooled to 4 oC for 48 hours, forming a pink precipitate of D-(7-Hydroxycoumarin-4-yl) ethylglycine (507 mg, 1.9 mmol, 73%) collected by vacuum filtration and washed with ice cold diethyl ether. The precipitate (218 mg, 0.85 mmol) was re-dissolved in trifluoroacetic acid (2 mL) forming a light orange powder (328 mg, 0.85 mmol, quant.): -14.0 (c 1.0, MeOH); 1H NMR (400 MHz, M CH3OD), δH (ppm): 7.66 (1H, d, J 8.8, ArCH), 6.85 (1H, dd, J 8.8 and 2.3, ArCH), 6.75 (1H, d, J 2.3, ArCH), 6.17 (1H, s, C=CH), 4.18 (1H, t, J 6.2, CH), 3.10-2.91 (2H, m, CH2), 2.38-2.30 (2H, m, CH2); 13C NMR (100 MHz, CH3OD), δC (ppm): 170.0 (C=O), 162.1 (C=O), 161.8 (C-OH), 128.3 (C-O), 125.6 (ArCH), 113.1 (ArCH), 111.6 (ArC), 109.4 (ArCH), 102.5 (ArCH), 51.99 (CH), 28.9 (CH2CH), 26.9 (C-CH2CH2); 19F NMR (400 MHz, CH3OD), δF (ppm): 77.4; m/z (TOF MS ES+) 264.0868 (100%, M++H C13H13NO5 requires 264.0866).


[bookmark: _Toc490658215][bookmark: _Toc509909958]17a)	Methyl-(2R)-2-amino-3-hydroxypropionate hydrochloride salt
[image: ]
D-Serine (5.0 g, 0.048 mol) was dissolved in methanol (40 mL) at 0oC, and thionyl chloride (3.5 mL, 0.048 mol) was added drop-wise. The mixture was allowed to warm to room temperature and continue stirring for a further 1 hour. This was then left to stand overnight, the solvent was removed in vacuo and the resulting solid was filtered and washed with cold ether (40 mL). The crude powder collected was recrystallized in a methanol/ether mix to yield a white crystalline solid (5.40 g, 72%); -5.0 (c 1.0, CH3OH); 1H NMR (400 MHz, CH3OD), δH (ppm): 4.19 (1H, t, J 3.8, CH), 4.04 (1H, dd, J 11.9, 4.3, CH2), 3.97 (1H, dd, J 11.9, 3.5, CH2), 3.87 (3H, s, CH3); 13C NMR (100 MHz, CH3OD), δC (ppm): 168.0 (C=O), 59.3 (CH2), 54.7 (CH3), 52.4 (CH).

 is consistent with the data for Methyl-(2R)-2-amino-3-hydroxypropionate hydrochloride salt, however the NMR matches the couplings of Methyl-(2S)-2-amino-3-hydroxypropionate hydrochloride salt.198


[bookmark: _Toc490658216][bookmark: _Toc509909959]17b)	Methyl (2R)-2-{[(tert-butoxy)carbonyl]amino}-3-hydroxypropanoate [Boc-protected-D-serine methyl ester]
[image: ]
Methyl-(2R)-2-amino-3-hydroxypropionate hydrochloride salt (5.4 g, 34.7 mmol) and triethylamine (13.4 mL, 95 mmol) were added to a solution of Boc-anhydride (7.6 g, 34.7 mmol) in acetonitrile (100 mL). The mixture was stirred for 6 hours at room temperature and then diluted with DCM (350 mL). The organic layer was washed with 1 N HCl(aq) (3 x 100 mL) and saturated sodium bicarbonate (100 mL). The organic layers were collected and dried over magnesium sulfate, filtered and the solvent removed in vacuo to yield a clear, colourless oil (6.5 g, 25.2 mmol, 73%) that was used without further purification;  +18.0 (c 1.0, CH3OH); 1H NMR (250 MHz, CDCl3), δH (ppm): 5.57 (1H, d, J 7.7, NH), 4.38-4.35 (1H, m, NHCH), 4.00-3.82 (2H, m, CH2OH), 3.77 (3H, s, CH3), 3.00 (1H, br s, OH), 1.44 (9H, s, CCH3).

Data is consistent with the literature.199

[bookmark: _Toc490658217][bookmark: _Toc509909960]18)	Methyl (2S)-2-{[(tert-butoxy)carbonyl]amino}-3-iodopropanoate
[image: ]
Iodine (7.60 g, 30 mmol) was added in 3 portions to a solution of triphenyl phosphine (7.87 g, 30 mmol) and imidazole (2.04 g, 30 mmol) in CH2Cl2 (150 mL) at 0 oC. The solution was allowed to warm to room temperature for 30 minutes and then re-cooled to 0 oC. A solution of Boc-protected-D-serine methyl ester (6.20 g, 24.3 mmol) in CH2Cl2 (40 mL) was added dropwise to the mixture; this was stirred at 0 oC for 1 hour and then room temperature for 1.5 hours. The mixture was left to stand overnight giving an orange solution and a white precipitate. The mixture was filtered through a plug of silica gel with 50% diethyl ether: petroleum ether (50 mL) as an elutant. The solvent was removed in vacuo to yield orange oil. A precipitate of phosphine oxide was formed upon addition of diethyl ether (50 mL) and the mixture filtered through a plug of Celite with petroleum ether (50 mL) as the elutant. The solvent was removed in vacuo, the crude product was purified by flash column chromatography on silica gel eluting with 10-15% ethyl acetate: petroleum ether. The first and major eluent was dried to yield a thick orange oil (7.45 g, 68%);  +3.5 (c 2.0, CH3OH); 1H NMR (400 MHz,CDCl3), δH (ppm): 5.38 (1H, br d, J 7, NH), 4.52-4.56 (1H, m, NHCH), 3.82 (3H, s, CH3), 3.61 (1H, dd, J 10.6 and 4.0, CH2I), 3.57 (1H, dd, J 10.6 and 4.0, CH2I), 1.48 (9H, s, CCH3).

The compound has been previously reported and is in broad agreement.161,200


[bookmark: _Toc490658218][bookmark: _Toc509909961] 21)	Methyl 2-{[(tert-butoxy)carbonyl]amino}prop-2-enoate
[image: ]
Methyl (2S)-2-{[(tert-butoxy)carbonyl]amino}-3-iodopropanoate (120 mg, 0.35 mmol) was added to a solution of azido-PEG (62 mg, 0.35 mmol) and trimethylamine (0.06 mL, 78 mg, 0.77 mmol) dissolved in dry THF (5 mL) and stirred at room temperature. After 20 minutes the yellow solution formed a precipitate, upon heating at reflux the precipitate re-dissolved. The reaction was monitored by TLC (5% ethyl acetate: petroleum ether) after 20 hours the solvent was removed in vacuo. The mixture was re-dissolved in DCM (15 mL) and washed with water (3 x 15 mL). The organic layer was dried over magnesium sulfate, filtered and the solvent was removed in vacuo. The product was purified by flash column chromatography on silica gel eluting with 5% ethyl acetate: petroleum ether, the first and major eluent was dried to yield a colourless, thick clear oil (56 mg, 0.28 mmol, 79%); 1H NMR (400 MHz, CDCl3), δH (ppm): 7.03 (1H, br s, NH), 6.17 (1H,br s, C=CHH), 5.73 (1H, d, J 1.5, C=CHH), 3.84 (3H,s, CH3), 1.49 (9H, s, C(CH3)3); 13C NMR (100 MHz, CDCl3), δC (ppm): 164.4 (C=O), 152.5 (C=O), 131.3 (C=CH2), 105.1 (C=CH2), 80.7 [C(CH3)3], 52.9(OCH3), 28.2 [C(CH3)3].

Proton NMR163,201 and Carbon NMR201 data is consistent with the literature.


[bookmark: _Toc490658219][bookmark: _Toc509909962]20)	2-[2-(2-Azidoethoxy)ethoxy]-ethanol
[image: ]
2-​[2-​(2-​Chloroethoxy)​ethoxy]​-ethanol (4.0 mL, 3.5 g, 20 mmol) was added slowly to sodium iodide (610 mg, 4.1 mmol) and sodium azide (2.6 g, 40 mmol) dissolved in water (20 mL), and the  solution was heated at 80 °C for 20 hours. The aqueous solution was allowed to cool and extracted with ethyl acetate (4 x 30 mL). The combined organic layers were further washed with brine (2 x 30 mL) before drying over magnesium sulfate, filtered and the solvent removed in vacuo to yield a crude yellow oil. The product was purified by flash column chromatography on silica gel eluting with 40% ethyl acetate: petroleum ether. The second and major eluent was dried to yield a colourless, clear oil (3.20 g, 18 mmol, 90%); 1H NMR (400 MHz, CDCl3), δH (ppm): 3.71-3.68 (2H, m, CH2OH), 3.66-3.63 (6H, m, CH2CH2), 3.58-3.56 (2H, m, CH2CH2OH), 3.37 (2H, t, J 5.0, CH2N3) 2.85 (1H, t, J 6.2, OH).

Data is consistent with the literature.202–204


[bookmark: _Toc490658220][bookmark: _Toc509909963]22)	2-[2-(2-Azidoethoxy)ethoxy]ethyl 4-methylbenzenesulfonate
[image: ]
2-[2-(2-Azidoethoxy)ethoxy]-ethanol (2.8 g, 16 mmol) was dissolved in dry DCM (100 mL) under a nitrogen atmosphere at 0 °C. Tosyl chloride (6.1 g, 32 mmol), a catalytic amount of DMAP (170 mg, 1.6 mmol) and NEt3 (4.9 mL, 3.6 g, 35 mmol) were subsequently added at 0 °C, the mixture was allowed to warm to room temperature and stirred for 20 hours. The solution was washed with water (2 x 100 mL) and aqueous sodium bicarbonate (100 mL). The organic layer was dried over magnesium sulfate, filtered and the solvent removed in vacuo to yield a crude oil, that was purified by flash column chromatography on silica gel eluting with 5% methanol: DCM. The second and major eluent was dried to yield a colourless, clear oil (3.7 g, 11 mmol, 70%); νmax/cm-1 (thin film): 2927, 2872, 2109, 1737, 1598, 1451, 1356; 1H NMR (400 MHz, CDCl3), δH (ppm): 7.80 (2H, d, J 8.2, ArCH), 7.35 (2H, d, J 8.2, ArCH), 4.17-4.15 (2H, m, CH2OTs), 3.71 (2H, app t, J 4.8, CH2O), 3.64 (2H, app t, J 4.9, CH2O), 3.60 (4H, s, CH2O), 3.37 (2H, t, J 5.2, CH2N3), 2.45 (3H, s,CH3).


Data is consistent with the literature, IR was not known in the literature.202,205


[bookmark: _Toc490658221][bookmark: _Toc509909964]33)	1-Azido-2-[2-(2-iodoethoxy)ethoxy]ethane

2-[2-(2-Azidoethoxy)ethoxy]ethyl-4-methylbenzenesulfonate (1.93 g, 5.2 mmol) and sodium iodide (0.78 g, 5.2 mmol) were dissolved in acetone (20 mL). The solution was heated to 50 °C for 18 hours, followed by a second addition of sodium iodide (100 mg, 0.7 mmol) for a further 4 hours. The mixture was allowed to cool, the solid precipitate was removed by filtration and the solvent removed in vacuo. The product was re-dissolved in DCM (50 mL) and washed with water (3 x 50 mL). The organic layer was dried over magnesium sulfate, filtered and the solvent removed in vacuo to yield a crude oil. The product was purified by flash column chromatography on silica gel eluting with 5% ethyl acetate: petroleum ether. The first and major eluent was dried to yield a colourless, thick clear oil clear, colourless oil (1.30 g, 4.8 mmol, 92%); 1H NMR (400 MHz, CDCl3), δH (ppm): 3.79 (t, 2H, J 6.7, OCH2), 3.72-3.70 (m, 6H, 3 × OCH2), 3.42 (br t, 2H, J 4.6, CH2N3), 3.29 (t, 2 H, J 6.8, CH2I). 

The compound has been previously reported and is in broad agreement.203
 


[bookmark: _Toc490658222][bookmark: _Toc509909965]24)	N-Benzly-D-proline
[image: ]
D-Proline (1.32 g, 11.4 mmol) and potassium hydroxide (1.93 g, 34mmol) were dissolved in isopropanol (50 mL) at 40 °C for 1 hour. Benzyl chloride (1.5 mL, 2.16 g, 17.1 mmol) was added drop-wise and the solution was stirred at 40°C for a further 10 hours. The reaction mixture was neutralized with conc. hydrochloric acid to pH 5. Chloroform was added (50mL) was added whilst stirring, the aqueous layer was separated and the solvent removed in vacuo. The remaining solution was washed with acetone to yield a solid white precipitate (2.31 g, 11.2 mmol, 98 %) that did not require further purification;  +22.0 (c 1.0, CH3OH); νmax/cm-1 (thin film): 3434, 2816, 2187, 1595, 1384, 1353; 1H NMR (400 MHz, CH3OD), δH (ppm): 7.58-7.54 (2H, m, ArCH), 7.50-7.47 (3H, m, ArCH), 4.55 (1H, d, J 12.7, BnCH2), 4.33 (1H, d, J 12.8, BnCH2), 4.17 (1H, dd, J 9.6 and 7.4, CH), 3.58-3.52 (1H, m, CHH), 3.36-3.29 (1H, m, CHH), 2.58-2.53 (1H, m, CHH), 2.19-2.13 (2H, m, CH2), 2.02-1.98 (1H, m, CHH); 1H NMR (400 MHz, CDCl3), δH (ppm): 7.47-7.45 (2H, m, ArCH), 7.40-7.38 (3H, m, ArCH), 4.37 (1H, d, J 13.0, BnCH2), 4.22 (1H, d, J 13.0, BnCH2), 3.83 (1H, dd, J 9.0 and 6.7, CH), 3.74-3.68 (1H, m, CHH), 2.93-2.86 (1H, m, CHH), 2.36-2.24 (2H, m, CH2), 2.06-1.99 (2H, m, CH2); 13C NMR (100 MHz, CDCl3), δC (ppm): 171.7 (C=O), 130.7 (ArC), 130.3 (ArCH), 129.5 (ArCH), 128.9 (ArCH), 68.4 (CH), 57.9 (CH2), 53.8 (CH2), 28.4 (CH2), 22.5 (CH2); m/z (TOF MS ES+) 206.1179 (100%, M++H C12H15NO2 requires 206.1176).

Data is consistent with the literature, proton NMR data was repeated in d-methanol due to low solubility in d-chloroform.202,203 Data is consistent with the N-Benzly-L-proline.206



[bookmark: _Toc490658223][bookmark: _Toc509909966]25)	BPB (D-proline) (2R)-N-(2-benzoylphenyl)-1-benzylpyrrolidine-2-carboxamide
[image: ]
Freshly distilled thionyl chloride (0.9 mL, 1,9 g, 11.0 mmol) was added drop-wise to N-benzyl-D-proline (2.0 g, 9.7 mmol) dissolved in dry DCM (10 mL) at -30 °C. The solution was warmed to -10 °C until the mixture became transparent. 2-aminobenzophenone (1.9 g, 9.7 mmol) dissolved in DCM (5mL) was added to the solution once it was re-cooled to -30°C, the mixture was allowed to warm to room temperature and stirred for a further 16 hours. The mixture was cooled to 0 °C and quenched by addition of water (30 mL) and extracted with DCM (4 x 50 mL). The combined organic layers were dried over magnesium sulfate, filtered and the solvent removed in vacuo to yield an orange solid. This was recrystallized from the minimum amount of hot ethanol with a yellow solid collected (1.68 g, 4.8 mmol, 46%);  +78.0 (c 1.0, CH3OH); νmax/cm-1 (thin film): 3266, 2971, 2808, 1964, 1689, 1645, 1511, 1266; 1H NMR (400 MHz, CDCl3), δH (ppm): 3.95 (1H, d, J 12.9, BnCH2), 3.62(1H, d, J 12.9, BnCH2), 3.34 (1H, dd, J 10.2 and 4.7, CH), 3.26-3.22 (1H, m, CHH), 2.46-2.39 (1H, m, CHH), 2.31-2.23 (1H, m, CHH), 2.01-1.95 (1H, m, CHH), 1.87-1.80 (2H, m, CH2); 13C NMR (100 MHz, CDCl3), δC (ppm): 198.1 (C=O), 174.7 (C=O), 139.2 (C), 138.5 (C), 138.1 (C), 133.42 (ArCH), 132.6 (ArCH), 132.5 (ArCH), 130.2 (ArCH), 129.2(ArCH), 128.4 (ArCH), 128.2 (ArCH), 127.1 (ArCH), 125.3 (C), 122.3 (ArCH), 121.5(ArCH), 68.3 (CH), 59.7 (CH2), 53.9 (CH2), 31.0 (CH2), 24.2 (CH2); m/z (TOF MS ES+) 385.1913 (100%, M++H C25H24N2O2 requires 385.1911).

Data is consistent with the (2S)-isomer.206


[bookmark: _Toc490658224][bookmark: _Toc509909967]27)	 (D)-Gly-Ni-BPB2-{[(2-{[(1-benzylpyrrolidin-2-yl)(oxido)methylidene] amino}phenyl)(phenyl)methylidene]amino}acetate-nickel
[image: ]
Glycine (170 mg, 2.3 mmol), Ni(NO3)2 (400 mg, 1.3 mmol) and BPB (D-proline) (440 mg, 1.1 mmol) were dissolved in methanol (40 mL) and heated to 55 °C for 10 minutes. A solution of sodium methoxide (920 mg, 17.0 mmol) was added dropwise to the solution over a further 10 minutes, after which the mixture was heated to 90 °C to reflux for a further 90 minutes. The mixture was cooled to room temperature before the addition of 10% citric acid (40 mL) and extracted with DCM (3 x 40 mL). The combined organic layers were dried over magnesium sulfate, filtered and the solvent removed in vacuo to yield a crude red oil. The product was purified by flash column chromatography on silica gel eluting with 5% ethyl acetate: petroleum ether. The second and major eluent was dried to yield a orange/red oil (360 mg, 0.7 mmol, 65%);  +11.0 (c 1.0, CH3OH); νmax/cm-1 (thin film): 3060, 2970, 2238, 1671, 1638, 1590, 1338, 1261; 1H NMR (400 MHz, CH3OD), δH (ppm): 8.29 (1H, d, J 7.9, ArCH), 8.09 (2H, d, J 7.2, ArCH), 7.57-7.51 (3H, m, ArCH), 7.45 (2H, t, J 7.5, ArCH), 7.33 (1H, t, J 7.5, ArCH), 7.26-7.21 (1H, m, ArCH), 7.12 (1H, d, J 7.8, ArCH), 7.01-7.00 (1H, m, ArCH), 6.82 (1H, dd, J 8.1 and 1.6, ArCH), 6.75-6.71 (1H, m, ArCH), 4.52 (1H, d, J 12.6, CHH), 3.83-3.68 (4H, m, CH2), 3.51-3.48 (2H, m, CH2), 3.44-3.33 (1H, m, CH2), 2.63-2.56 (1H, m, CH2), 2.50-2.40 (1H, m, CH2), 2.20-2.03 (2H, m, CH2); 13C NMR (100 MHz, CH3OD), δC (ppm): 181.4 (C=O), 177.4 (C=O), 171.7 (C=N), 142.5 (ArC), 134.6 (ArC), 133.3 (ArC), 133.2 (ArCH), 132.3 (ArCH), 131.8 (ArCH), 129.8 (ArCH), 129.6 (ArCH), 129.4 (ArCH), 129.2 (ArCH), 129.0 (ArCH), 126.3 (ArCH), 125.7 (ArCH), 125.2 (ArC), 124.3 (ArCH), 120.9 (ArCH), 69.9 (CH), 63.1 (CH2), 61.3 (CH2), 57.5 (CH2), 30.7 (CH2), 23.7 (CH2); m/z (TOF MS ES+) 498.1330 (100%, M++H C27H25N3O3Ni requires 498.1322).
Data is consistent with the (2S)-isomer.206
[bookmark: _Toc490658226][bookmark: _Toc509909968]34)	Ethyl 2-[(2R,5S)-3,6-dimethoxy-5-(propan-2-yl)-2,5-dihydropyrazin-2-yl]acetate
[image: ]
A solution of n-butyl lithium (0.56 mL, 1.1 mmol, 2.0 M in THF) was added to (S)-2,5-Dihydro-3,6-dimethoxy-2-isopropylpyrazine (184 mg, 0.19 mL, 1.1 mmol) in dry THF (8 mL) under argon at -78°C. The mixture was stirred for 30 minutes until ethyl bromoacetate (270 mg, 0.74 mmol) was added and stirred for a further 3 hours at -78 °C. The reaction was quenched by addition of phosphate buffer at pH 7 (20 mL) and extracted with diethyl ether (3 x 25 mL). The organic layers were combined, dried over magnesium sulfate, filtered and solvent removed in vacuo. The crude product was purified by flash column chromatography on silica gel eluting with 10% ethyl acetate: petroleum ether to yield a clear yellow oil (200 mg, 0.74 mmol, 68%);  +7.0 (c 1.0, CH3OH); νmax/cm-1 (thin film): 2964, 2874, 1741, 1697, 1677; 1H NMR (400 MHz, CDCl3), δH (ppm): 4.34-4.32 (1H, m, CHCH2(C=O)), 4.19-4.13 (2H, qd, J 2.5 and 7, CH2CH3), 4.01 (1H, t, J 3.5, CHCH(CH3)2), 3.71 (3H, s, OCH3), 3.66 (3H, s, OCH3), 2.84 (1H, dd, J 7 and 15, CHH(C=O)), 2.66 (1H, dd, J 5.5 and 15, CHH(C=O)), 2.21-2.29 (1H, m, CH(CH3)2), 1.26 (3H, t, J 7, CH2CH3), 1.05 (3H, d, J 7.0, CH(CH3)2), 0.74 (3H, d, J 7.0, CH(CH3)2).

The compound has been previously reported and is in broad agreement.173



[bookmark: _Toc490658228][bookmark: _Toc509909969]36)	2-[(5S)-3,6-dimethoxy-5-(propan-2-yl)-2,5-dihydropyrazin-2-yl]ethan-1-ol
[image: ]
Reduction methodology
Lithium aluminium hydride (16 mg, 0.42 mmol) was added to ethyl 2-[(2R,5S)-3,6-dimethoxy-5-(propan-2-yl)-2,5-dihydropyrazin-2-yl]acetate (75 mg, 0.28 mmol) was dissolved in dry THF (5 mL) at 0 °C and stirred for 30 minutes. The mixture was allowed to warm to room temperature for a further 2 to 3 hrs. The reaction was quenched by addition Rochelles salt (0.5 g) in water (5 mL) and extracted with diethyl ether (3 x 20 mL). The organic layers were combined, dried over magnesium sulfate, filtered and solvent removed in vacuo to give the alcohol as a clear colourless oil (56 mg, 0.25 mmol, 88%). Analysis was carried out on the mixture of diastereoisomers; νmax/cm-1 (thin film): 3211, 2964, 1740, 1697, 1677; 1H NMR (400 MHz, CDCl3), δH (ppm): 4.45 (1H, t, J 8.9, CH min), 4.35-4.29 (1H, m, CH min), 4.19-4.13 (1H, m, CH min),  4.15-4.10 (1H, m, CH maj), 4.02 (1H, t, J 3.6, CH maj), 4.02-4.00 (1H, m, CH min), 4.03-3.88 (2H, m, CH maj), 3.76-3.69 (4H, m, OCH3 min & CH min), 3.71 (3H, s, OCH3 maj), 3.68 (3H, s, OCH3 maj),  3.51 (2H, s, CH min), 2.70-2.64 (1H, m, CH2 min),2.26-2.21 (2H, m, CH2 maj), 2.14-2.04 (2H, m, CH2 min), 2.11-2.07 (2H, m, CH2 maj), 1.06 (3H, d, J 6.9,CH3 maj), 1.03 (3H, d, J 6.8,CH3 min), 0.94 (3H, d, J 6.8,CH3 min), 0.75 (3H, d, J 6.9,CH3 maj).
Ozonolysis methodology
Ozone was bubbled through (2R,5S)-3,6-dimethoxy-2-(prop-2-en-1-yl)-5-(propan-2-yl)-2,5-dihydropyrazine (400 mg, 1.8 mmol) dissolved in dry DCM (10 mL) and cooled to -78 °C. The mixture, after 45 minutes had turned blue, it was poured onto sodium borohydride (440 mg, 8.9 mmol) in methanol (10 mL) and allowed to warm to rt for 30 minutes. The solvent was removed in vacuo, the resulting solid was re-dissolved in CHCl3 and filtered. The solvent was removed in vacuo to give the crude alcohol as a racemic mixture (250 mg, 1.1 mmol, 60%) as a clear, yellow oil, further purification was not possible due to degradation on silica gel.
[bookmark: _Toc509909970][bookmark: _Toc490658227]NMR data is consistent for the major isomer in the literature.173
37)	 (2R,5S)-3,6-dimethoxy-2-(prop-2-en-1-yl)-5-(propan-2-yl)-2,5-dihydropyrazine
[image: ]
A solution of n-butyl lithium (0.07 mL, 0.33 mmol, 2.1 M in THF) was added to (S)-2,5-Dihydro-3,6-dimethoxy-2-isopropylpyrazine (60 mg, 0.06  mL, 0.33 mmol) in dry THF (4 mL) under argon at -78 °C. The mixture was stirred for 30 minutes until allyl bromide (97 mg, 0.07 mL, 0.80 mmol) was added and stirred for a further 3 hours at -78 °C. The reaction was quenched by addition of phosphate buffer at pH 7 (20 mL) and extracted with diethyl ether (3 x 20 mL). The organic layers were combined, dried over magnesium sulfate, filtered and solvent removed in vacuo. The crude product was purified by flash column chromatography on silica gel eluting with 10% ethyl acetate: petroleum ether  to yield a clear yellow oil (62 mg, 0.28 mmol, 84%);  + 8.0 (c 1.0, CH3OH); νmax/cm-1 (thin film): 3030, 2960, 2871, 1697; 1H NMR (400 MHz, CDCl3), δH (ppm): 5.70 (1H, J 20.1, 10.2 & 7.2, 2’-CH), 5.10-5.03 (2H, m, 1’CH), 4.10 (1H, m, 6-CH), 3.93 (1H, t, J 3.4, 3-CH), 3.71 (3H, s, OCH3), 3.69 (3H, s, OCH3), 2.60-2.48 (2H, m, 3’-CH2), 2.28 (1H, sepd, J 6.9 & 3.3, CH(CH3)2), 1.06 (3H, d, J 7.0, CH(CH3)2), 0.70 (3H, d, J 7, CH(CH3)2).


The compound has been previously reported and is in broad agreement.207
[bookmark: _Toc490658229]

[bookmark: _Toc509909971]53)	3-Azido-1-propanol

3-Bromo-1-propanol (1.0 mL, 1.54 g, 11 mmol) was dissolved in acetone (25 mL) and added to sodium azide (3.62 g, 55 mmol) in water (5 mL). Potassium iodide (370 mg, 2 mmol) was added after 20 minutes and the mixture stirred at room temperature for 20 hours behind a blast shield. The product was extracted with diethyl ether (3 x 60 mL), the combined organic layers were dried over magnesium sulfate, filtered and the solvent was removed in vacuo to yield a clear, colourless oil (1.02 g, 10 mmol, 91%) that did not require further purification; 1H NMR (400 MHz, CDCl3), δH (ppm): 3.77 (2H, q, J 6.5, CH2) 3.47 (2H, t, J 6.6, CH2OH), 1.91-1.76 (3H, m, CH2N3).

The compound has been previously reported and is in broad agreement.208


[bookmark: _Toc490658230][bookmark: _Toc509909972]55)	8-Bromo-1-octanol

1,8-Octandiol (3.5 g, 24 mmol) was first dissolved in toluene (40 mL), hydrobromic acid (2.8 mL, 24mmol, 8.5 M, 45.5 v/v) was added ant he solution was stirred at  reflux for 18 hours. The reaction was quenched by the addition of water (80 mL) and extracted with ethyl acetate (3 x 80 mL). The organic layers were combined, dried over magnesium sulfate, filtered and solvent removed in vacuo. The crude product was purified by flash column chromatography on silica gel eluting with 20% ethyl acetate: petroleum ether to yield a clear, colourless oil (3.0 g, 14.5 mmol, 61%) this solidifies on cooling to a white waxy solid; 1H NMR (400 MHz, CDCl3), δH (ppm): 3.66 (2H, t, J 6.6, CH2OH), 3.43 (2H, t, J 6.8, CH2Br), 1.87 (2H, quin, J 7.1, CH2CH2Br), 1.60-1.55 (2H, m, CH2CH2OH), 1.45-1.35 (9H, m, OH, CH2CH2CH2).

The compound has been previously reported and is in broad agreement.209,210


[bookmark: _Toc490658231][bookmark: _Toc509909973]56)	8-Azido-1-octanol

8-Bromo-1-octanol (2.6 g, 12.5 mmol) and sodium azide (1.6 g, 25.0 mmol) were dissolved in dry DMF (40 mL) under a nitrogen atmosphere and the mixture was heated to 80 °C for 18 hours. The reaction was cooled to room temperature and water (100 mL) was added, the reaction was extracted with diethyl ether (4 x 100 mL). The combined organic layers were washed with brine (2 x 100 mL), dried over magnesium sulfate, filtered and solvent removed in vacuo to yield a clear, yellow oil (2.1 g, 12.3 mmol, 98%) that did not require further purification; 1H NMR (400 MHz, CDCl3) δH (ppm): 3.67 (2H, t, J 6.6, CH2OH), 3.27 (2H, t, J 6.9, CH2N3), 1.65-1.55 (4H, m, CH2), 1.41-1.35 (9H, m, -OH, CH2CH2CH2).

The compound has been previously reported and is in broad agreement.211,212



[bookmark: _Toc490658232][bookmark: _Toc509909974]44)	 (R)-2-(tert-Butoxycarbonylamino)-4-hydroxybutanoic acid

1 M Sodium hydroxide (5 mL) was added to a solution of (R)-2-amino-4-hydroxybutanoic acid (500 mg, 4.2 mmol) in an ethanol–water mixture (2:1) (15 mL). Di-tert-butyl dicarbonate (1.01 g, 4.6 mmol, 1.1 eq) and THF (5 mL) was subsequently added and the resulting mixture was stirred at room temperature for 16 hrs. The reaction mixture was extracted with diethyl ether (2 x 30 mL). The aqueous layer was cooled to 0 °C, acidified with 1 M HCl to pH 2 and extracted with ethyl acetate (4 × 30 mL). The combined organic layers were dried over MgSO4, filtered and the solvent was removed in vacuo to yield a clear, colourless oil (887 mg, 97%) that did not require further purification; +32.5 (c 2.0, MeOH); νmax/cm-1 3353, 2979, 1691, 1369, 1164, 1055; 1H NMR (400 MHz, CDCl3), δH (ppm): 5.52 (1H, d, J 7.4, NH), 4.55-4.50 (1H, m, CH), 3.84-8.76 (2H, m, HOCH2CH2), 2.25-2.20 (1H, m, HOCH2CHH), 1.81-1.79 (1H, m, HOCH2CHH), 1.48 [9H, s, C(CH3)3]; 1H NMR (400 MHz, D2O), δH (ppm): 4.08-4.04 (1H, m, CH), 3.60-3.49 (2H, m, HOCH2CH2), 1.96-1.90 (1H, m, HOCH2CHH), 1.79-1.70 (1H, m, HOCH2CHH), 1.29 [9H, s, C(CH3)3].

The compound has been previously reported and is in broad agreement.213



[bookmark: _Toc490658233][bookmark: _Toc509909975]46)	 (R)-Methyl 2[(tert-butoxycarbonyl)amino]-4-hydroxybutanoate

Sodium hydroxide (262 mg, 6.6 mmol) in water (5 mL) was added to (R)-2-(tert-butoxycarbonyl amino)-4-hydroxybutanoic acid (1.43 g, 6.6 mmol) in ethanol (20 mL) and stirred at room temperature for 16 hrs. The solvent was removed in vacuo to leave a white/yellow residue. The residue was dissolved in DMF (20 mL) and methyl iodide (0.57 mL, 9.2 mmol) was added and left to stir at room temperature for 24 hrs. The reaction was quenched with addition of NaHCO3(aq) (100 mL) and extracted into diethyl ether (4 x 100 mL). The extract was washed with 1 M NaHCO3(aq) (100 mL), water (100 mL) and brine (100 mL). The combined organic layers were dried over MgSO4, filtered and the solvent was removed in vacuo to yield a clear, colourless oil. The crude compound was purified by flash column chromatography on silica gel eluting with ethyl acetate: petroleum ether (35:65) to yield a colourless oil (1.00 g, 4.3 mmol, 66%);+42.0 (c 2.0, MeOH); νmax/cm-1 3373, 2978, 1742, 1696, 1368, 1166, 1055; 1H NMR (400 MHz, CDCl3), δH (ppm): 5.41 (1H, d, J 7.3, NH), 4.55-4.50 (1H, m, CH), 3.79 (3H, s, CH3), 3.77-3.68 (2H, m, HOCH2), 2.21-2.15 (1H, m, CHH), 1.66-1.60 (1H, m, CHH), 1.47 [9H, s, C(CH3)3]; 13C NMR (100 MHz, CDCl3), δC (ppm): 173.3 (C=O), 156.4 (C=O), 80.5 (C-O), 58.3 (CH2), 52.6 (CH), 50.5 (O-CH3), 36.1 (CH2), 28.3 (CH3).

The compound has been previously reported and is in broad agreement.213 The  has not previously been reported.


[bookmark: _Toc490658234][bookmark: _Toc509909976]47/48)	 (R)-Methyl 2-[(tert-butoxycarbonyl)amino]-4-[(4-methylbenzenesulfonyl)oxy] butanoate/ (R)-Methyl 2-[(tert-butoxycarbonyl)amino]-4-chlorobutanoate

p-Toluene sulfonyl chloride (1.60 g, 8.3 mmol) we added slowly to (R)-methyl 2-[(tert-butoxycarbonyl)amino]-4-hydroxybutanoate (1.60 g, 6.9 mmol) dissolved in anhydrous pyridine (15 mL) at 0 °C and the mixture was allowed to warm to RT, stirring for 18 hours. The reaction mixture was poured into diethyl ether (80 mL) forming a white precipitate and this was washed with cold 1 M HCl(aq) (4 x 80 mL) and water (80 mL). The organic layer was dried over magnesium sulfate, filtered and the solvent removed in vacuo to leave a clear, yellow oil (1.98 g). The crude compound was purified by column chromatography on silica gel eluting with ethyl acetate; petroleum ether gradient (15% to 40% EtOAc) to yield A, a white waxy solid (1.10 g, 2.7 mmol, 39%) and B, a yellow oil (421 mg, 1.7 mmol, 25%).
A:+18.5 (c 2.0, MeOH); νmax/cm-1 3392, 2977, 1746, 1701, 1365, 1176; 1H NMR (400 MHz, CDCl3), δH (ppm): 7.79 (2H, d, J 8.3, ArCH), 7.36 (2H, d, J 8.3, ArCH), 5.12 (1H, d, J 7.3, NH), 4.34 (1H, m, CH), 4.13 (2H, t, J 6.0, TsOCH2), 3.72(3H, s, CH3), 2.47 (3H, s, ArCH3), 2.27-2.21 (1H, m, CHH), 2.15-2.06 (1H, m, CHH), 1.43 [9H, s, C(CH3)3]; 13C NMR (100 MHz, CDCl3), δC (ppm):172.1 (C=O), 155.2 (C=O), 145.0 (ArC), 132.6 (ArC6, 128.9 (ArCH), 128.0 (ArCH), 80.2 (C-O), 66.23 (OCH2), 52.7 (OCH3), 50.5 (CH), 31.6 (CH2), 28.3 (CH3), 21.7 (ArCH3); m/z (TOF MS ES+) 410.1254 (100%, M++Na C17H25NO7S requires 410.1244). 
B:  +46.5 (c 2.0, MeOH); νmax/cm-1 3363, 2979, 1745, 1716, 1365, 1176;  1H NMR (400 MHz, CDCl3), δH (ppm): 5.14 (1H, br s, NH), 4.53-4.39 (1H, m, CH), 3.79 (3H, s, CH3), 3.62 (2H, t, J 6.8, ClCH2), 2.36-2.29 (1H, m, CHH), 2.21-2.09 (1H, m, CHH), 1.47 [9H, s, C(CH3)3]; 13C NMR (100 MHz, CDCl3), δC (ppm): 172.5 (C=O), 155.3 (C=O), 80.2 (C-O), 52.6 (OCH3), 51.4 (CH), 40.6 (ClCH2),  35.5 (CH2), 28.27 (CH3); m/z (TOF MS ES+) 274.0821 (100%, M++Na C10H18NO4Cl requires 274.0817). 
[bookmark: _Toc490658235][bookmark: _Toc509909977]49)	 (R)-Methyl 2-[(tert-butoxycarbonyl)amino]-4-azido-butanoate

Sodium azide (190 mg, 3.0 mmol) and 15-crown-5 (60 mg, 0.05 mL, 0.3 mmol) were added to (R)-methyl 2-[(tert-butoxycarbonyl)amino]-4-[(4-methylbenzylsulfonyl)oxy]butanoate (1.05 g, 3.0 mmol) in dry DMF (8 mL) at 0 °C and allowed to warm to room temperature and stirred for 16 hours. The mixture was poured onto water (80 mL) and extracted into diethyl ethyl (3 x 80 mL). The combined organic layers were dried over magnesium sulfate, filtered and the solvent removed in vacuo to leave a yellow oil (620 mg, 2.4 mmol, 88%) that did not require further purification;+21.5 (c 2.0, MeOH); νmax/cm-1 3360, 2979, 2101 (N3), 1746, 1716, 1367, 1164; 1H NMR (400 MHz, CDCl3), δH (ppm): 5.21 (1H, br d, J 6.3, NH), 4.44-4.42 (1H, m, CH), 3.79 (3H, s, CH3), 3.43 (2H, t, J 6.7, CH2), 2.16-2.11 (1H, m, CHH), 1.97-1.92 (1H, m, CHH), 1.47 [9H, s, C(CH3)3]; 13C NMR (100 MHz, CDCl3), δC (ppm): 172.5 (C=O), 155.3 (C=O), 80.2 (C-O), 52.6 (OCH3),  51.3 (CH), 47.7 (N3CH2), 31.85 (CH2), 28.3 (CH3); m/z (TOF MS ES+) 281.1225 (100%, M++H C10H19N4O4 requires 281.1220).

The compound has been previously reported and is in broad agreement.213,214



[bookmark: _Toc490658236][bookmark: _Toc509909978]51)	 (2R)-2-amino-4-azidobutanoic acid (AZA)

(R)-Methyl 2-[(tert-butoxycarbonyl)amino]-4-azido-butanoate (220 mg, 1.0 mmol) was dissolved in TFA (2 mL) and stirred for 2 hours. The volatiles were evaporated to give a pale yellow oil, which was re-dissolved in 1 M NaOH(aq) (5 mL) and stirred for a further 2 hours at room temperature. The solution was acidified with 6 M HCl(aq) to pH 1-2. A Dowex 50WX8 column was washed with 1 M NH4Cl(aq) (50 mL), water (50 mL), 1 M HCl(aq) (50 mL) and again followed by water (50 mL). The solution was loaded  on to the column and washed with further water (50 mL) until the pH remained a constant at pH 6-7, the product was eluted with 1 M NH4Cl(aq) (150 mL). The solvent was removed in vacuo to give a pale yellow solid (135 mg, 0.9 mmol, 90%); -6.0 (c 1.0, H2O); νmax/cm-1 2914, 2087, 1583, 1554; 1H NMR (400 MHz, D2O), δH (ppm): 3.65 (1H, dd, J 6.9 and 5.6, CH), 3.46-3.36 (2H, m, CH2N3), 2.04-1.90 (1H, m, CHHCH2), 2.01-1.87 (1H, m, CHHCH2); 13C NMR (100 MHz, D2O), δC (ppm): 174.1, 52.8, 47.5, 29.6; m/z (TOF MS ESI+) 145.0722 (100%, M++H. C4H9N4O2 requires 145.0720), 115 (10).
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[bookmark: _Ref377915835][bookmark: _Ref377915792]Supplementary Figure 1. Testing monosaccharide labelling in S. aureus (SH1000) grown for 30 minutes labelling at 37 °C in BHI A) 6-Azido-GlcNAc B) AcGlcNAz C) 6-Azido-AcGlcNAc D) GlcNAz E) GlcNAc F) azido-D-alanine, all with an overall concentration of 1 mM. Cells were fixed and clicked Alexa Fluor™ 647 for fluorescence imaging. Scale bar 5 µm.


[bookmark: _Ref377915838][bookmark: _Ref377915795][image: ]Supplementary Figure 2. Testing monosaccharide labelling in E. coli, grown for 30 minutes labelling at 37 °C in LB A) 6-Azido-GlcNAc B) AcGlcNAz C) 6-Azido-AcGlcNAc D) GlcNAz E) GlcNAc, all with an overall concentration of 1 mM. Cells were fixed and clicked Alexa Fluor™ 647 for fluorescence imaging. Scale bar 5 µm.
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[bookmark: _Ref377915840]Supplementary Figure 3. Testing monosaccharide labelling in B. subtilis, grown for 30 minutes labelling at 37 °C in NB A) 6-Azido-GlcNAc B) AcGlcNAz C) 6-Azido-AcGlcNAc D) GlcNAc E) GlcNAc, all with an overall concentration of 1 mM. Cells were fixed and clicked Alexa Fluor™ 647 for fluorescence imaging. Scale bar 5 µm.
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[bookmark: _Ref377915842]Supplementary Figure 4. Testing monosaccharide labelling in S. aureus (SH1000) in defined media, grown for 2 hours labelling at 37 °C in CDM (overnight in BHI) A) 6-Azido-GlcNAc B) AcGlcNAz C) 6-Azido-AcGlcNAc D) GlcNAz E) azido-D-alanine, all with an overall concentration of 10 mM. Cells were fixed and clicked Alexa Fluor™ 647 for fluorescence imaging. Scale bar 5 µm.
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[bookmark: _Ref377915846]Supplementary Figure 5. Testing monosaccharide labelling in B. subtilis in defined media, grown for 2 hours labelling at 37 °C in M9 (overnight and pre-culture in NB) A) 6-Azido-GlcNAc B) AcGlcNAz C) 6-Azido-AcGlcNAc D) GlcNAz E) GlcNAc, all with an overall concentration of 10 mM. Cells were fixed and clicked Alexa Fluor™ 647 for fluorescence imaging. Scale bar 5 µm.
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[bookmark: _Ref489355600]Supplementary Figure 6. Testing HADA and TADA incorporation into S. aureus. S. aureus (JE2, JE2 (pbp3), JE2 (pbp4)) samples were labelled with an overall concentration 500 µM for 30 minutes in BHI and fixed before analysis by Epi-fluorescence microscopy. Scale bar 5 µm.
[image: ]
[bookmark: _Ref489616535][bookmark: _Ref489616530]Supplementary Figure 7. Growth Curve of S. aureus (SH1000) grown in D-cycloserine (5 x MIC) in BHI and with an overall concentration 500 µM of D-aza-ala-D-alanine measured overtime by OD.
[image: ]
Supplementary Figure 8. Growth curve of S. aureus (SH1000) growing in BHI, in the presence of AcGlcNAz and GlcNAz at 37°C, measured overtime by OD.
[image: ]
Supplementary Figure 9. Growth curve of S. aureus (SH1000) growing in BHI, in the presence of AcGlcNAz and GlcNAz at 37°C, measured overtime by OD.

[image: ]
[bookmark: _Ref492478904]Supplementary Figure 10. UV spectra for the excitation of HADA in water. The excitation coefficient at give wavelengths: two maximum λex 350 nm and 405 nm, ξ350 = 14,494 M-1 cm-1, ξ405 = 9,272 M-1 cm-1, ξ440 = 168.9 M-1 cm-1
[image: ]
[bookmark: _Ref492478905]Supplementary Figure 11. UV spectra for the excitation of COUM in water. The excitation coefficient at give wavelengths: maximum λex 322 nm, ξ322 = 12,807 M-1 cm-1, ξ440 = 5.65 M-1 cm-1
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